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INTRODUCTION 


Pain  is  a  common  and  distressing  symptom  that  impacts  the  quality  of  life  of  many  patients  with 
neurofibromatosis.  The  pain  is  often  due  to  the  formation  of  a  neuroma.  To  understand  better  how  neuromas 
cause  pain  and  what  treatments  may  be  provided,  we  have  developed  an  animal  model  of  a  painful  neuroma. 

|  The  tibial  neuroma  -transposition  (TNT)  model  has  been  confirmed  as  a  model  of  neuropathic  pain.  The  TNT 
model  has  been  established  as  reliable  and  valid  (Specific  Aim  1).  In  the  TNT  model,  the  neuroma  test-site 
mechanosensitivity  is  dependent  on  neural  input  from  the  tibial  neuroma.  In  the  TNT  model,  hindpaw 
mechanical  hyperalgesia  is  independent  of  input  from  the  tibial  neuroma.  We  have  altered  the  formation  of  a 
neuroma  by  applying  a  toxin  that  is  retrogradely  transported  (suicide  transport)  leading  to  neuronal  death  and 
axonal  death  (Specific  Aim  2).  This  technique  has  been  refined  using  different  target-specific  toxins,  varying 
the  delivery  method  and  examining  subsequent  pain  behaviour  (Specific  aim  3). 


BODY 


|  We  will  present  a  summary  of  our  efforts  that  represent  l)_research  based  directly  on  the  3  specific  aims  of  the 
grant  and  2)  outgrowth  research  to  improve  methodology  in  this  work  and  increase  our  understanding  of  the 
patho-physiology  underlying  neuropathic  pain. 


1)  Specific  Aim  Directed  Research 

In  year  one,  we  firmly  established  the  TNT  model  with  the  addition  of  sufficient  animal  numbers  to  our 
preliminary  work  to  produce  a  reliable,  statistically  significant  result.  We  then  completed  our  first  specific  aim 
by  demonstrating  that  blocking  neural  input  from  the  neuroma  to  the  CNS  reversed  the  pain  behavior  produced 
by  the  TNT  model.  In  year  2  we  experimented  with  a  variety  of  neural  toxins  to  prevent  neuroma  formation 
through  retrograde  transport  and  cell  death.  In  year  3  we  continued  experimenting  with  a  variety  of  neural 
toxins  and  altered  delivery  methods  in  an  attempt  to  achieve  suicide  transport  and  reverse  pain  behavior. 


1)  Specific  aim  #1:  Does  blocking  neural  input  from  the  neuroma  to  the  CNS  reverse  the  pain 
behaviors  produced  by  the  TNT  model?  As  indicated  in  the  year  one  progress  report,  this  specific  aim  has 
been  completed.  Injecting  an  anesthetic  at  the  site  of  the  neuroma  or  cutting  the  nerve  proximal  to  the  neuroma 
reversed  the  neuroma  tenderness  produced  by  applying  mechanical  stimuli  at  the  neuroma  site.  However,  these 
manipulations  did  not  reverse  the  mechanical  hyperalgesia  on  the  paw. 

2)  Specific  aim  #2:  Develop  a  technique  to  selectively  prevent  neuroma  formation  with  0X7- 
saporin.  As  indicated  in  the  year  two  progress  report,  we  did  not  obtain  a  reproducible  decrease  in  behavioral 
signs  of  pain  when  OX7-saporin  was  injected  into  the  nerve.  During  the  second  and  third  year,  we  explored 
two  different  strategies  to  overcome  this  difficulty.  The  first  strategy  was  to  use  different  neural  toxins.  The 
second  strategy  was  to  employ  different  techniques  for  administering  the  neural  toxins. 

3)  Specific  aim  #3:  Does  OX7-saporin  prevent  or  reverse  the  pain  behaviors  produced  by  the  TNT 
model?  During  the  numerous  experiments  performed  during  the  last  two  years,  we  have  evaluated  both 
neuroma  formation  (histology)  and  neuroma  pain  (behavior)  when  doing  each  of  our  experiments.  We  have 
found  that  if  the  neural  toxin  does  not  result  in  complete  prevention  of  axonal  sprouting  and  neuroma  formation, 
the  pain  behavior  persists.  We  also  tried  combinations  of  various  toxins  to  target  different  populations  of  axons. 

A  brief  summary  of  the  results  of  these  experiments  is  provided  below. 

a.  Use  of  different  neural  toxins.  After  discussion  with  various  experts  in  the  field  of  neural  toxins  and 
retrograde  transport,  we  identified  two  other  neural  toxins  that  may  be  effective:  Wheat  Germ  Agglutinin 
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(WGA)  coupled  to  saporin  and  cholera  toxin  B  (CTB)  coupled  to  saporin.  WGA  binds  to  unmyelinated  fibers 
and  should  lead  to  selective  loss  of  unmyelinated  fibers.  CTB  binds  to  large  myelinated  fibers  and  should  lead 
to  a  selective  loss  of  myelinated  fibers. 

WGA-saporin  was  injected  into  the  tibial  nerve  (in  doses  ranging  from  5  to  200  ng  in  2  ul),  the  nerve 
was  ligated  distal  to  the  injection  and  rotated  to  the  lateral  position  (using  our  standard  approach  for  producing 
the  TNT  model).  Behavioral  testing  for  1  to  3  weeks  showed  variable  results.  Most  animals,  showed  little 
evidence  for  an  analgesic  effect  of  the  injection.  Even  at  the  higher  doses,  some  animals  showed  modest 
anaglesia  and  others  none  at  all.  Despite  the  lack  of  reproducible  behavioral  effects,  the  histological  samples 
from  the  proximal  nerve  showed  evidence  for  degeneration  following  the  neural  toxin.  Similar  results  were 
obtained  when  CTB-saporin  (in  doses  ranging  from  0.03  to3.0  ug  in  2  ul)  was  injected  into  the  tibial  nerve. 

The  pain  behavior  from  neuroma  formation  did  not  reverse  when  either  CTB  or  WGA  toxin  was 
employed.  It  was  felt  that  preservation  of  either  the  mylinated  or  unmyelintaed  could  be  signaling  the  pain  and 
thus  we  decided  to  move  ahead  with  a  new  series  of  experiments.  We  tried  a  mixture  of  CTB  and  WGA  at 
various  doses  in  an  attempt  to  prevent  regeneration  of  both  classes  of  fibers.  This  still  did  not  consistently 
reverse  the  pain  behavior. 

A  “breakthrough”  in  our  thinking  on  this  came  when  we  investigated  histological  samples  taken  close  to 
the  neuroma  site  (i.e.,  3  mm  proximal  to  the  ligature).  The  figure  below  shows  the  results  in  one  animal 
following  injection  of  3  ug  of  CTB-saporin  into  the  tibial  nerve.  As  shown 


in  the  left  panel,  pronounced  degeneration  is  seen  in  part  of  the  nerve,  but  the  other  part  of  the  nerve  is 
relatively  spared.  This  suggests  that  the  micro-injection  of  the  neural  toxin  was  restricted  to  one  fascile  in  the 
nerve  and  the  toxin  did  not  cross  over  to  adjacent  fasicles.  In  the  right  panel,  the  behavioral  response  following 
mechanical  stimulation  at  the  neuroma  site  is  plotted  as  a  function  of  time  after  nerve  injury  (and  toxin 
injection).  This  animal  reach  the  maximum  behavioral  score  (i.e.,  10)  and  stayed  at  a  high  behavioral  score 
throughout  the  three  week  testing  period.  Thus,  no  obvious  signs  of  analgesia  were  apparent.  Our 
interpretation  of  these  results  is  that  the  spared  fascile  innervated  the  neuroma  and  provided  sufficient  neural 
signaling  to  produce  the  behavioral  response.  Base  on  this  observation,  we  set  out  to  develop  alternate 
techniques  for  administering  the  neural  toxins  that  would  lead  to  a  complete  denervation  of  the  tibial  nerve  and 
reversal  of  pain  behavior  (see  next  section). 

b.  Development  of  different  techniques  for  administering  the  neurotoxins. 

It  appeared  that  the  neural  toxin  was  respecting  the  perineurial  barrier.  The  first  idea  to  overcome  this 
problem  was  to  crush  the  nerve  prior  to  injecting  the  neural  toxin.  We  reasoned  that  the  crush  would  disrupt  the 
perineurium  and  provide  access  of  the  neural  toxin  to  all  of  the  fasicles.  Unfortunately,  this  technique  did  not 
result  in  improved  behavioral  responses. 
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The  next  idea  was  to  micro-inject  each  of  the  fasicles  in  the  tibial  nerve.  An  example  of  the  outcome  of 
this  experiment  in  one  animal  is  shown  below. 


In  this  case,  there  was  complete  degeneration  of  the  tibial  nerve  (left  panel)  and  only  a  weak  behavioral 
response  (right  panel).  However,  this  procedure  proved  to  be  technically  very  challenging  since  it  was  difficult 
to  insert  the  needle  into  some  of  the  smaller  fasicles.  In  addition,  we  still  had  animals  that  had  incomplete 
degeneration  and  showed  no  behavioral  signs  of  analgesia. 

Our  next  idea  was  to  place  the  cut  nerve  into  a  pool  (or  “well”)  of  neurotoxin  solution.  This  would 
expose  all  fasicles  to  the  neural  toxin.  To  achieve  this,  the  tibial  nerve  is  cut  and  ligated.  The  suture  is  used  to 
pull  the  nerve  thru  a  PE50  tubing.  The  nerve  and  tubing  is  then  cut  proximal  to  the  ligature  and  the  nerve  is 
pulled  back  into  the  tubing  so  that  a  1 .5  mm  empty  tubing  space  is  formed  that  serves  as  a  drug  loading  pool 
just  distal  to  the  nerve  stump.  The  distal  end  of  the  tubing  is  closed  with  a  tight  ligature.  A  glass  micropipet  is 
used  to  load  this  space  with  the  toxin.  The  nerve  is  exposed  to  the  toxin  for  1  -  2  hours.  Then,  the  tubing  is 
removed,  and  the  nerve  is  ligated  and  rotated  to  the  lateral  position  (as  per  our  normal  TNT  procedure).  Our 
initial  results  with  this  technique  were  promising.  A  series  of  experiments  were  performed  using  a  dose 
response  escalation.  Unfortunately  we  were  unable  to  prevent  complete  axon  regeneration  and  neuroma 
formation.  In  addition,  the  pain  behavior  persisted. 

Our  next  idea  was  to  produce  a  more  permanent  and  physiologic  pool  for  the  drug  delivery.  We 
developed  a  surgical  technique  utilizing  the  anatomy  and  physiology  of  the  peripheral  nerve.  In  the  TNT 
model,  the  nerve  is  divided  and  a  neuroma  forms  at  the  cut  end.  We  modified  this  procedure  in  the  following 
manner:  there  is  a  natural  pressure  gradient  across  the  perineurium  due  to  tight  junctions  in  the  wall  similar  to 
the  blood  brain  barrier.  When  a  nerve  is  cut,  the  contents  of  the  fascicles  will  begin  to  emanate  out  the  end. 
When  we  cut  the  end  of  the  tibial  nerve,  we  allowed  the  contents  of  the  fascicle  to  pouch  out  and  at  the  same 
time  we  retracted  the  epineurium.  The  extruded  neural  material  was  removed  and  then  the  epineurium  -was 
brought  forward  and  closed  creating  a  potential  space.  A  micropipette  was  used  to  fill  the  space  with  drug 
forming  a  repository.  This  provided  the  drug  excellent  exposure  to  the  cut  end  of  the  axons. 

A  series  of  experiments  using  this  epineurial  well  technique  were  performed.  We  also  wanted  to  know 
if  gently  crushing  the  end  of  the  nerve  prior  to  administering  the  drug  would  have  an  effect  on  the  ability  of  the 
drug  to  enter  all  targeted  axons.  For  example,  in  one  experiment,  the  repository  was  filled  with  CTB-saporin  + 
WGA-saporin  (0.3  ug/ul  +  lOOng/ul).  Twelve  animals  were  divided  into  four  equal  groups:  n=3  with  PBS,  n=3 
nerve  with  non-crushed  CTB-SAP  +  WGA-SAP;  n=  3  CTB-SAP  +  WGA-SAP  pooling  without  injection;  n=3 
nerve  crushed  additional  micro-injection  with  CTB-SAP  +  WGA-SAP  into  exposed  fascicles.  The  results  were 
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consistent  in  that  behavior  correlated  with  histology.  The  pain  behavior  would  only  reverse  in  a  few  animals. 
These  animals  had  the  most  robust  histo-pathology  with  loss  of  axons  and  little  or  no  regenerating  axons. 
Unfortunately,  we  have  not  been  able  to  modify  the  delivery  technique  sufficiently  to  result  in  a  consistent  loss 
of  axonal  innervation  to  the  neuroma.  To  ensure  that  the  animals  do  reverse  behavior  when  the  neuroma  is 
dennervated,  a  final  series  of  experiments  were  performed  using  the  epineurial  well  technique  but  adding  a 
control  arm  in  which  the  animals  underwent  proximal  cut  of  the  tibial  nerve  at  various  time  points.  Each  of  the 
control  animals  demonstrated  loss  of  neuroma  sensitivity  with  tibial  nerve  cut  but  preservation  of  hind  paw 
mechanosensitivity.  The  experimental  animals  again  demonstrated  variable  histo-pathology  and  behavior  that 
tended  to  correlate  with  the  degree  of  axonal  degeneration  and  lack  of  regeneration. 


2)  Outgrowth  Research 

Several  pharmacologic  preparations  that  inhibit  neuronal  activity  have  been  developed  to  treat  epilepsy.  Many 
of  these  preparations  have  also  proven  to  have  utility  in  the  treatment  of  neuropathic  pain. 

a)  Pregabalin 

Pregabalin  (trade  name  Lyrica)  is  an  alpha2-delta  (ct2-6)  ligand  that  has  analgesic,  anticonvulsant,  and 
anxiolytic  activity.  The  drug  is  widely  used  in  the  clinical  treatment  of  neuropathic  pain  and  pain  from  neuroma 
formation.  Systemic  administration  of  lidocaine  has  also  been  used  to  treat  neuropathic  pain.  We  performed  an 
experiment  to  compare  the  effect  of  pregabalin(PGB),  morphine,  and  lidocaine(LDC)  on  the  TNT  model. 

Method:  TNT  model  surgery  was  performed  on  48  rats.  Systemic  doses  of  PGB  (2-40mg/kg  IP), 
morphine  (0.5  -  8mg/kg  IP),  and  LDC  (2-40mg/kg  IP)  were  administered.  The  experiments  were  conducted  in 
a  blinded,  randomized  fashion.  On  a  given  test  day,  each  rat  received  an  intraperitoneal  injection  of  one  dose  of 
either  pregabalin,  lidocaine,  morphine  or  saline  vehicle.  Behavioral  testing  for  neuroma  test-site 
mechanosensitivity  and  hindpaw  mechanical  hyperalgesia  was  performed  immediately  before  drug 
administration  and  at  five  time  points  after  the  injection.  Each  animal  was  tested  with  one  dose  of  each  drug 
(with  a  least  a  two  day  wash  out  period). 

Results:  96%  of  the  TNT  created  animals  developed  the  neuroma  test  site  mechanosensitivity  and  the 
hindpaw  mechanical  hyperalgesia  to  innocuous  mechanical  von  Frey  hair  stimulation  of  neuroma  and  the  lateral 
side  of  the  hindpaw  ipsilateral  to  the  formed  neuroma.  The  average  paw  withdrawal  threshold  (g)  was  decreased 
from  20.5±1.4  to  3.7±  0.4,  and  the  average  paw  withdrawal  score  was  increased  from  0.28±  0.15  to  9.1  ±  0.25 
P<0.001(Fig.  1).  The  animals  that  did  not  display  the  pain  behavior  were  excluded  from  the  study 
Fig.  1  A  Fig.  1  B 
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Effect  of  morphine:  At  the  highest  dose  of  morphine  (8  mg/kg,  I.P.)  administered,  the  animals  were  not 
sedated.  Systemic  administration  of  low  doses  morphine  (0.5,  1,  2  mg/kg,  I.P.)  had  no  effect  on  paw  withdrawal 
up  to  240  min  post-injection  (compared  to  vehicle).  In  contrast,  injection  of  morphine  at  8  mg/kg  significantly 
decreased  the  hindpaw  withdrawal  score  30  min  after  injection  0.27  ±  0.12  (P  <  0.01,  compared  to  vehicle),  and 
this  effect  continued  up  to  180min.  The  second  highest  dose  of  morphine  also  had  a  significant  effect  on 
blocking  neuroma  pain  starting  from  30  min  post-injection  and  lasting  to  90  min  0.39  ±  0.14(P  <  0.05).  The 
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effect  of  morphine  on  the  neuroma  test-site  were  dose-dependent,  and  more  effective  than  the  effects  of  PGB 
and  LDC  (Fig.  2). 


Fig  2.  A 
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Fig  2  B 
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Effect  of  Pregabalin:  Systemic  injection  of  PGB  (2  -  40  mg/kg,  IP)  to  TNT  rats  did  not  result  in  any  animal 
change  in  posture.  No  animal  developed  incontinence  or  somnolence.  The  highest  doses  of  PGB  (40  mg/kg) 
had  a  significant  effect  on  attenuating  the  neuroma  test-site  mechanosensitivity  30  min  (0.55  ±  0.12  (P  <  0.05)) 
after  injection,  and  this  effect  continued  up  to  60  min  (compared  to  vehicle).  From  60  min  up  to  120  min  after 
administration  of  the  highest  dose,  the  hindpaw  mechanical  hyperalgesia  was  attenuated  compared  to  baseline 
(15.73  ±  4.78  (P  <  0.05)).  No  significant  effects  was  observed  in  the  240  min  testing  period  after  application  of 
PGB  in  the  lower  doses  (2,  4,  10,  20mg/kg  I.P.)  on  either  testing  site  (Fig  3.  A.  B) 
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Effect  of  Lidocain:  Animals  given  a  systemic  injection  of  LDC  (40  mg/kg,  I.P.)  showed  no  signs  of  sedation  or 
incontinence.  Administration  of  lower  doses  LDC  (2,  4,  10,  20mg/kg,  IP)  had  no  effect  on  the  neuroma  test-site 
mechanosensitivity  and  the  hindpaw  mechanical  hyperalgesia  up  to  240  min  post-injection  compared  with 
either  the  baseline  response  or  injection  of  vehicle.  In  contrast,  30  min  post- injection  of  the  highest  dose  LDC 
(40  mg/kg)  significantly  decreased  the  paw  withdrawal  score  on  neuroma  testing  (0.55±0.12  (P  <  0.05)) 
compared  with  vehicle.  In  contrast,  the  same  dose  of  LDC  (40  mg/kg)  had  no  effect  on  the  hindpaw  mechanical 
hyperalgesia  (Fig.  4  A.  B). 
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Fig.  4.  B 
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Conclusion:  This  study  demonstrated  that  pregabalin,  lidocaine,  and  morphine  all  have  an  effect  on  pain 
behavior  produced  by  the  TNT  model.  Morphine  at  the  highest  dose,  decreased  the  mechanical  hyperalgesia  in 
the  hind  paw.  Pregabalin  and  lidocaine,  at  all  doses  tested,  had  no  significant  effect  on  the  hindpaw  mechanical 
hyperalgesia  (fig  5).  The  hindpaw  hyperalgesia  is  thought  to  represent  activity  in  uninjured  afferents  which 
overlap  territory  with  injured  afferents  that  have  undergone  Wallerian  degeneration.  Morphine  administration 
resulted  in  a  dose-dependent  decrease  in  neuroma  sensitivity,  while  pregabalin  and  lidocaine ’s  effect  were  seen 
only  at  maximal  dose.  Neuroma  test-site  mechanosesitivity  is  thought  to  represent  mechanical  sensitivity  of 
injured  afferents  and  thus  should  respond  to  PGB  and  LDC  treatment.  This  experiment,  utilizing  the  TNT 
model,  has  very  nicely  separated  out  two  forms  of  pain  behavior,  each  with  a  distinct  pathophysiology  and 
response  to  treatment.  This  data  is  being  readied  for  publication. 


Fig  5.A 
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Fig.  5  B. 
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b)  UCB  Pharmacy. 

Purpose:  Levetiracetam  (trade  name  Keppra)  is  used  to  treat  partial  onset  seizure  disorder.  The  manufacturer, 
UCB  Pharama,  has  been  exploring  other  indications  including  possible  treatment  of  neuropathic  pain.  The  TNT 
model  was  used  to  test  the  analgesic  effect  of  Keppra.  UCB  Pharma  supplied  the  drug. 

Method:  Animals  received  a  systemic  administration  levetiracetam  (20,  40,  100,  200,  400  mg/kg  IP),  morphine 
(0.5,  1,  2,  4,  8  mg/kg),  or  vehicle  in  a  blinded,  random  fashion.  Behavioral  testing  was  performed  before 
surgery,  day  6  postoperative,  and  then  on  drug  delivery  days  9  and  15  postoperative.  A  given  animal  was  tested 
with  one  dose  of  each  drug  (with  at  least  a  two  day  wash  out  period).  Each  dose  was  tested  on  eight  animals. 
Results:  Mechanical  hyperalgesia  in  the  hindpaw  and  neuroma  sensitivity  was  not  affected  by  the  systemic 
administration  of  vehicle  or  levetiracetam.  In  contrast,  administration  of  morphine  led  to  a  dose-dependent 
decrease  in  the  frequency  of  paw  withdrawal  to  mechanical  stimulation  of  the  neuroma  and  increase  in  paw 
withdrawal  threshold  to  stimulation  of  the  paw. 
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Keppra  (60  m  in) 


Keppra 


K0 

K1 

K2 

K3 

K4 

K5 


morphine 


MO 

Ml 

M2 

M3 

M4 

M5 


Note;  for  X  axis,  1  =  pre  surgery,  2  =  post  surgery,  3  =  before  treatment,  4  =  30  min  post,  5  =  60  min  post,  6 
90  min,  7  =  120  min,  8  =  180  min 

Conclusion:  These  results  indicate  that  levetiracetam,  in  contrast  to  morphine,  does  not  induce  an 
antihyperalgesic  effect  in  the  TNT  model  of  neuroma  pain. 

c)  Collaboration  1 

We  are  collaborating  with  Michel  Kliot  MD,  Professor  Dept,  of  Neurosurgery,  University  of 
Washington.  He  is  the  chief  of  neurosurgery  at  Puget  Sound  VA  Health  Care  Center.  He  and  his  co¬ 
investigators  have  obtained  a  grant  from  the  Veterans  Administration. 
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The  following  is  a  relevant  portion  from  their  proposal. 

Our  long-term  goal  is  to  change  the  paradigm  of  how  patients  presenting  with  pain  due  to  focal  damage  to 
peripheral  tissues  are  diagnosed.  We  have  developed  a  new  focused  ultrasound  (FUS)  based  technology  that  we 
call  transcutaneous  acoustic  palpation  (TAP)  that  promises  to  be  far  more  specific  than  physical  examination 
and  diagnostic  imaging  in  identifying  pain  generators  that  are  deep  within  the  body.  We  have  already 
demonstrated  in  two  animal  models  generating  superficial  sources  of  pain  that  FUS  can  reliably  distinguish  the 
tender  from  the  non-tender  extremity.  We  have  also  demonstrated  that  we  can  apply  FUS  under  ultrasound- 
image  guidance.  As  a  next  logical  step,  we  propose  to  demonstrate  that  FUS  can  identify  a  deeper  source 
of  focal  pain  using  the  subcutaneous  *tibial  neuroma  transposition  model*  developed  by  Belzberg  and 
colleagues  (Dorsi  et  al  2007). 

This  work  is  now  being  performed.  It  is  possible  that  this  technique  of  localizing  a  deep  pain  generator  can  be 
applied  to  differentiating  which  tumor  in  a  patient  with  NF1  is  the  one  causing  pain. 

d)  Collaboration  2 

We  are  collaborating  with  Dr.  Strauch  from  Columbia  University  Medical  Center  on  a  novel  method  of 
neuroma  formation.  His  group  is  applying  cyanoacrylate,  a  glue-like  compound,  as  a  nerve  cap  to  halt  the 
normal  progression  of  neuroma  formation.  In  a  preliminary  study  utilizing  the  TNT  model,  the  cut  end  of  the 
tibial  nerve  was  treated  with  either  bipolar  coagulation,  untreated,  or  application  of  the  cap.  There  did  appear  to 
be  a  difference  in  the  neuroma  formation  and  behavior  response  in  the  experimental  group.  Further  studies  are 
now  underway.  The  preliminary  data  was  recently  presented  at  the  ASPN  2010  annual  meeting. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


-  The  TNT  model  of  neuropathic  pain  has  been  established  and  is  now  being  used  by  various  research  groups  to 
explore  treatment  options  for  neuropathic  pain. 

-  The  formation  of  a  neuroma  subsequent  to  axotomy  can  be  altered  by  using  retrograde  transport  of  a  neural 
toxin  in  the  proximal  stump. 

-  Neuroma  test-site  mechanosensitivity  can  be  altered  by  retrograde  transport  of  a  neural  toxin. 

-  The  pain  behavior  associated  with  neuroma  formation  may  not  be  dependent  on  ongoing  activity  in  small 
fiber  neurons  (C-fibers,  A-delta  fibers). 

-  Reversal  of  pain  behavior  associated  with  neuroma  formation  may  require  the  ablation  of  all  innervating 
axons  regardless  fiber  size  or  class. 

-  Neuropathic  pain  that  is  secondary  to  neuroma  formation  is  responsive  to  morphine. 

-  Neuropathic  pain  that  is  secondary  to  intact  fibers  overlapping  areas  of  axonal  injury  and  Wallerian 
degeneration  is  responsive  to  morphine. 
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REPORTABLE  OUTCOMES 


Personel 

This  grant  has  in  part  supported:  Allan  J  Belzberg,  Richard  Meyer,  Lun  Chen,  Beth  Murinson 

Belzberg  is  a  neurosurgeon  at  Hopkins.  He  has  continued  to  actively  treat  and  research  patients  with  pain  due 

to  neuroma  and  patients  with  NF. 

Belzberg  is  collaborating  on  research  with  Drs.  Kliot  and  Strauch.  Preliminary  data  from  this  grant  has  been 
used  in  subsequent  grant  applications  for  these  collaborations. 

Meyer  has  recently  retired. 

Dorsi,  a  Hopkins  neurosurgery  resident,  is  performing  fully  funded  research  at  UCLA  looking  at  neuropathic 
pain  due  to  peripheral  nerve  injury.  This  grant  provided  preliminary  data. 

Murinson  is  a  fully  funded  neurologist  at  Hopkins  looking  at  various  mechanisms  of  neuropathic  pain.  This 
grant  provided  preliminary  data 

Chen  has  completed  his  research  position  and  has  been  training  to  be  a  physician  assistant. 

Research  Funding 

Partial  funding  from  UCB  pharma  was  obtained  to  perform  levetiracetam  experiments. 

A  grant  from  the  Veterans'  Administration  has  been  obtained  to  continue  the  collaboration  with  Dr.  Kiot  from 
the  University  of  Washington 

A  grant  has  been  submitted  to  further  explore  novel  techniques  of  neuroma  formation  including  use  of  various 
"glue  caps"  in  conjunction  with  Columbia  University 

Presentation  of  research  material 


Dr.  Belzberg  was  the  invited  guest  speaker  at  the  America  Society  of  Peripheral  Nerve  annual  meeting  held  in 
Hawaii,  January  2009.  He  provided  the  presidential  guest  lecture  entitled 
Neuropathic  Pain:  from  bench  to  bedside  and  back  again 

The  work  of  this  grant  was  heavily  featured  in  the  talk  and  the  DOD  grant  /  support  acknowledged.  The  TNT 
model  and  results  of  various  treatment  interventions  was  used  to  explain  how  neuroma  formation  can  lead  to 
neuropathic  pain. 
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CONCLUSION 


The  tibial  neuroma  transposition  (TNT)  model  provides  the  scientific  community  an  animal  model  of  neuroma 
pain.  The  pain  behavior  displayed  by  the  animal  results  from  mechanical  stimulation  of  the  neuroma,  a 
phenomenon  commonly  seen  in  patients  with  painful  neuroma.  The  model  also  provides  the  ability  to  study 
pain  related  to  stimulus  evoked  behavior  in  an  area  of  partial  dennervation.  The  TNT  model  is  the  only  animal 
model  that  separates  out  these  two  pain  phenomenon  and  allows  them  to  be  individually  manipulated.  This 
model  has  now  been  used  by  other  laboratories  to  study  pain  due  to  nerve  injury  and  neuroma  formation. 

The  application  of  Ricin  to  the  nerve  will  result  in  retrograde  transport  of  the  neural  toxin  and  axonal 
degeneration,  a  phenomenon  that  has  been  coined  "suicide  transport".  There  is  a  dose  dependent  loss  of  axons 
and  prevention  of  neuroma  formation.  When  there  is  complete  obliteration  of  axons  and  prevention  of  any 
regenerating  axons,  there  is  the  prevention  of  a  painful  nueroma. 

The  application  of  Wheat  Germ  Agglutinin  coupled  to  saporin  to  a  nerve  will  result  in  retrograde  transport  of 
the  neural  toxin  and  loss  of  small  fiber  axons.  The  loss  of  these  “pain  fibers”  did  not  result  in  a  loss  of  pain 
behavior.  The  application  of  cholera  toxin  B  coupled  to  saporin  to  a  nerve  will  result  in  retrograde  transport  of 
the  neural  toxin  and  loss  of  large  fiber  axons.  The  loss  of  these  fibers  did  not  result  in  loss  of  pain  behavior. 
Combining  these  two  target  specific  toxins  will  result  in  a  loss  of  targeted  nerve.  Despite  a  loss  of  pain  related 
fibers,  the  neuroma  that  forms  is  still  associated  with  pain  behavior.  It  would  appear  that  a  neuroma  can  result 
in  pain  behavior  despite  having  what  are  thought  of  as  "the  pain  fibers"  removed  from  the  neuroma.  The  use  of 
suicide  transport  to  prevent  painful  neuroma  formation  awaits  the  development  of  better  toxins  that  target  axons 
and  are  safe. 

The  treatment  of  patients  suffering  from  neuropathic  pain  remains  a  challenge.  There  is  resistance  to  using 
opiates  (such  as  morphine)  in  these  patients.  The  experiments  performed  in  this  research  project  have 
demonstrated  that  in  an  animal  model  of  neuropathic  pain  (the  TNT  model),  the  use  of  system  morphine  does 
decrease  pain  behavior  emanating  from  the  neuroma  and  from  the  region  of  mechanical  hyperalgesia  (partially 
dennervated  skin).  Further,  systemic  lidocaine  can  be  expected  to  impact  neuroma  sensitivity  related  pain  but 
not  the  mechanical  hyperalgesia.  This  research  project  can  help  support  the  use  of  various  pharmacologic 
agents  in  neuropathic  pain. 
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A.h>ti  act 

Peripheral  nerve  injury  may  lead  to  the  to rmati-ri n  of  a  painful  neuroma.  In  patients-,  palpating  the  tissue  overlying  a  neuroma 
evoke*  |  a  racst  he  *  Las/dy sac  sthc  s  ias  in  the  distribution  of  the  injured  riirve.  Previous  animal  models- of  neuropathic  pain  have  focused 
on  the  mechanical  hyperalgesia  and  allodynia  tint  develops  at  a  location  distant  from  the  site  of  injury  and  not  on  the  pain  from 
direct  stimulation  of  tiie  neuroma.  We  describe  a  new  animal  model  of  neuroma  pain  in  which  the  neuroma  was  located  in  a  position 
that  is  accessible  to  mechanical  testing  and  outside  of  the  innervation  territory  cf  the  injured  nerve.  This  allowed  testing  of  pain  in 
response  to  mechanical  stimulation  of  the  neuroma  (which  we  call  neuroma  tenderness)  independent  of  pain  due  to  mechanical 
hyperalgesia.  In  the  tihial  neuroma  transposition  (TNT)  model,  the  posterior  tibia!  nerve  was  ligated  and  transected  in  the  foot  just 
proximal  to  the  plantar  bifurcation.  Using  a  subcutaneous  tunnel,  the  end  cf  the  ligated  nerve  was  positioned  just  superior  to  the 
lateral  malleolus.  Mechanical  stimulation  of  the  neuroma  produced  a  profound  withdrawal  behavior  that  could  he  distinguished 
from  tiie  hyperal gesia  tint  developed  on  the  hind  paw.  The  neuroma  tenderness  (hut  not  the  hyperalgesia)  was  reversed  by  local 
lidocaine  injection  and  by  proximal  transection  of  the  tihial  nerve.  A  He  rents  originating  from  the  neuroma  exhibited  spontaneous 
activity  and  responses  to  mechanical  stimulation  of  the  neuroma.  Tlie  TNT  model  provides  a  useful  tool  to  investigate  the  differ¬ 
ential  mechanisms  underlying  the  neuroma  tenderness  and  mechanical  hyperalgesia  associated  with  neuropathic  pain. 

©  2A07  International  Association  tor  the  Study  of  Pain.  Published  by  Elsevier  R.V.  All  rights  reserved. 

Keywords :  Neurcnm;  fuMiropatiuc  pain;  Hyperjlgciu;  herw  irginy;  <  rJiiLT j]  :-K:i:-n LLrjh-::aL;  AEodyniJ ;  rSe-iiToJlbrcHiu 


I.  I ii U~ i.nl lh: L i u n 

Painful  neuromas  can  ll  rise  from  peripheral  nerve 
injuries  such  an  trauma.  amputation.  nerve  biopsy,  or 
rejection  of  £  neurofibroma.  PaLienLs  experience  tender¬ 
ness  lit  palpation  of  the  skin  overlying  Lire  neuroma, 
spontaneous  burning  pain,  anti  allodynia  and  hyper  alge¬ 


Omesp*  Hiding  airtiufr.  Ttfl:  +1  41 G  955  2058;  fal:  41  41G  955 
10J2. 

h  its. id  uddress:  abebbe'i^jljluni.edii.fA.J.  B^bber-gf. 

1  The  lir.-il  two  ju.L!i*::  ri  ■a::ilnbu.Ud  eqiully  Lo  Gut  -iludy 


sia  in  Lhe  distribution  of  the  injured  nerve.  Despite 
advances  in  our  understanding  of  neu  ropa  Lhic  pain,  pro¬ 
viding  adequate  pain  relief  for  Lhese  patients  remains  a 
clinical  challenge  Unfortunately,  a  substantial  propor¬ 
tion  of  paLienLs  develop  pain  thaL  is  refractory  to  con¬ 
temporary  pha  rma  cologiefiL,  psychological,  and 
surgical  intervention  and  endure  significant  disability. 
Therefore,  research  is  needed  to  further  increase  our 
understanding  of  neuropathic  pain  and  Lo  develop  novel 
therapies. 

A  number  of  animal  mi  dels  Lhat  involve  traumatic 
nerve  injuries  have  been  dev  doped  Lo  study  neuropathic 
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pain  mclujdinjj,  adatic  tic: r vie  transection  (Wall  eL  al.. 
L979),  chronic  constriction  injury  (Bennett  and.  Xie, 
L9M),  partial  ixiaLic  nerve  liuatum.  (Seltzer  eL  al.. 
1990),  spinal  nerve  ligation  (Kim  and.  Chung.  19921, 
and  spared  nerve  injury  ( DeciraLerd  and  Wtitilf,  2000). 
These  ctm temporary  models  of  neuropathic  pain  ha ve 
greatly  expanded  tjur  understanding  of  Lite  mechanisms 
underlying  neuropathic  pain.  However,  several  charac¬ 
teristics  iff  these  models  limit  Lheir  usefulness  in  studying 
neuroma  pain.  First,  the  observed  behavioral  chan ges 
are  evoked  by  stimuli  applied  Lo  Lhe  hindpaw  at  a  lirca- 
tion  distant  from  Lhe  si  Le  id  in  jury .  There  is  Currently  no 
model  measuring  the  effect  of  directly  applying  stimuli 
Lo  the  neuroma.  Second,  there  is  mi  um  ting,  evidence  LhaL 
hyperalgesia  in  the  existing  models  can  develop  in  Lhe 
hindpaw  independent  of  input  from  injured  afferenLs 
and  Lhus  independent  of  the  neuroma  (Eschenfelder 
eL  al.,  2000;  Li  eL  al.,  2000).  Further,  hyperalgesia  may 
develop  following  lesions  LhaL  do  noL  involve  injury  Lo 
afferent  fibers  (e.g.f  venLral  rhizotomy)  (Li  eL  al.,  2000; 
SheLh  et  a  I,,  2002)  or  the  formation  of  a  neuroma 
(Eschenfelder  el  al.,  2000;  SheLh  eL  al.(  .2002).  These  find¬ 
ings  suggesL  LhaL  ectopic  activity  originating  from  a  neu¬ 
roma  is  noL  necessary  for  development  iff  hyperalgesia. 

We  aimed  to  develop  an  animal  model  of  neuroma 
pain.  An  ideal  model  would  produce  robust,  severe,  and 
lasLing  behavioral  changes  resembling  Lhifse  seen  in 
patienLs  with  painful  neunsmas  (i.e.,  ongoing  pain  sensa¬ 
tions,  pain  evoked  by  palpation  iff  the  skin  overlying  Lhe 
neuroma,  and  hyperalgesia  in  Lhe  distribution  iff  Lhe 
inj  ured  nerve).  We  propose  that  distinct  but  overlapping 
pathophysiological  mechanisms  underlie  the  multiple 
pain  phenomena  produced  by  peripheral  nerve  injury. 

We  based  our  model  on  the  clinical  observation  LhaL 
mechanical  stimuli  applied  Lo  Lhe  skin  Overlying  a  neu¬ 
roma  produce  paraesLhesias  or  lancinating  pain  in  Lhe 
distribution  of  the  nerve  (f loffmari-Tinel  sign).  It  is 
believed  LhaL  this  clinical  sign  is  indicative  of  ectopic 
meclianifsensiliviLy  of  injured  or  regenerating  afferent 
fibers.  We  hypothesize  LhaL  mechanical  stimuli  applied 
to  Lhe  skin  overlying  a  neuroma  in  a  raL  will  elicit  a  sim¬ 
ilar  sensation  find  provoke  ftfoL  withdrawal.  Further,  we 
hypothesise  LhaL  mechanical  hyperalgesia  will  develop  in 
Lhe  cuLaneous  distribution  iff  Lhe  injured  peripheral 
nerve.  Thus  a  peripheral  nerve  injury  model  was  created 
LhaL  would  permit  the  independent  study  of  Lhese  two 
distinct  pain  behaviors. 

2.  Methods 

2. 1.  Experimental  animals 

Eighty  male  S pragu e-Daw k y  rati  (Harlan,  Indianapolis, 
IN)  wdghdng  200-250 g  were  studied.  Two  to  four  animals 
■were  placed  in  plastic  cages  with  sawdust  bedding,  housed  in 
a  dimate  controlled  room  under  a  14/10  ligbt/dark  cycle, 


and  provided  food  and  water  ad  li  hit  urn.  The  animals  were 
acclimatized  under  these  conditions  for  at  least  a  week  before 
t  lie  initiation  of  experimentation.  The  Johns  Hopkins  Univer¬ 
sity  Animal  Care  and  Use  Committee  approved  the  testing  and 
surgical  protocol. 

2. 2.  Sargi£al  procedures 

The  animals  were  randomly  assigned  to  surreal  groups  for 
each  experiment.  For  all  surgical  procedures,  deep  ancabesia 
was  maintained  throughout  surgery  with  2*/o  isoflu ranc.  All 
inciaons  were  dosed  with  running  6-0  sflk  sutures.  All  proce¬ 
dures  wore  performed  with  a  dissection  microscope.  At  the 
conclusion  of  each  experiment,  all  lesions  were  confirmed  at 
auto  psy . 

2.2.1.  T&iai  neuroma  transpoait&n  { TNT)  model 

The  objective  of  the  tibial  neuroma  transposition  surgery 
was  to  produce  a  neuroma  tint  was  located  in  a  position  that 
was  accessible  for  mechanical  testing  and  that  was  outside  of 
the  innervation  territory  of  the  injured  nerve.  This  allowed 
testing  of  pain  in  response  to  mechanical  stimulation  of  the 
neuroma  (which  we  call  "neuroma  tenderness")  independent 
of  pain  due  to  hyperalgesia. 

Our  decision  to  use  tiie  tibial  nerve  was  also  based  on  the 
following  factors:  (1)  The  tibial  nerve  innervates  the  plantar 
surface  of  the  hindlimh.  The  expected  behavioral  response  to 
tibial  neuroma  Simulation  would  he  hindlimh  withdrawal. 
Tliis  behavior  is  easy  to  quantify  and  commonly  used  in  most 
contemporary  models  of  neuropathic  pain.  With  experience  we 
were  able  to  increase  the  specificity  of  behavioral  testing  by 
scoring  the  intensity  of  hindpaw  withdrawal.  (2)  The  tibial 
nerve  is  a  mixed  nerve  comprised  of  both  sensory  and  motor 
nerve  fibers.  Thus,  a  tibial  neuroma  would  he  expected  to 
develop  elect rophysiological  properties  similar  to  those  dem¬ 
onstrated  in  other  mixed  nerve  neuroma  preparations  (e.g. 
spinal  nerves  and  sdatic  nerve). 

As  Olust  rated  in  Fig.  I  (see  also  Fig.  lA),tbe  posterior  tibial 
nerve  was  exposed  from  approximately  8  mm  proximal  to  the 
calcaneal  branch  to  1  mm  distal  to  the  plantar  nerve  bifurca¬ 
tion.  The  integrity  of  tiie  calcaneal  branch  was  preserved  while 
it  was  dissected  free  from  the  main  trunk  of  the  tibial  nerve. 
Just  proximal  to  the  plantar  bifurcation,  the  tibial  nerve  was 
tightly  ligated  with  6-0  silk  and  sharply  transected  with 
sdssors. 

Using  a  blunt  glass  probe,  a  subcutaneous  tunnel  was  bur¬ 
rowed  from  the  medial  incision  site  to  the  lateral  ajq-iect  of  the 
hindlimh.  A  1 .5mm  diameter  plaaie  tube  with  a  longitudinal 
slit  in  one  wall  was  placed  in  the  tunnel.  The  needle-bearing 
end  of  tiie  suture  used  to  ligate  tiie  tibial  nerve  was  passed 
through  tiie  plastic  tube  and  pushed  through  tiie  skin  at  a  loca¬ 
tion  8-10 mm  superior  to  the  lateral  malleolus  The  plastic 
tube  was  then  removed  from  the  tiinnd.  The  suture  was  gently' 
pulled  to  advance  the  tibial  nerve  stump  through  the  subcuta¬ 
neous  tunnel,  until  it  was  flush  with  the  inner  surface  of  the 
sk  in  of  tiie  l  ate  ral  hind  li  mb .  Tiie  suture  was  tiie  n  cut  flush  w'  it  li 
the  skin.  Tiie  subsequent  neuroma  was  located  in  a  lateral 
position  tint  was  easily  accessible  for  mechanical  testing 
(Fig.  I,  top).  The  suture  material  could  he  viewed  just  below 
the  skin  surface  and  provided  a  target  for  mechanical  testing. 
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2.  2.2.  Sham  pur^ery  {5} 

The  tibia]  nerve  was  dissected  as  described  above  and  left 
intact.  A  suhcutancous  tun  is  I  was  formed  as  described  above. 
A  small  piece  of  connective  tissue  was  ligated  and  passed 
through  die  subcutaneous  tunnel  in  the  method  described 
above  (fig.  3B). 

2. 2.3.  T&iai  uttrana  m(A  no  ir&vpsniion  {TNT-nT} 

The  tibial  nerve  was  dissected,  ligated,  and  transected  as 
described  above  tor  the  TNT  model  surgery,  hut  not  trans¬ 
posed.  A  subcutaneous  tunnel  was  formed  and  connective  tis¬ 
sue  was  ligated  and  fussed  through  to  the  lateral  Isindiimb  as 
described  above  (Fig.  3CjL 

2.2.4.  Thiat  neuroma  trmspopiihm  with pimtitateous proximal 
frawatfiwt  { TNT-sPT) 

The  TNT  model  su  rge  ry  was  pc  rfbrmed  as  dec  rihed  above . 
Once  Uie  nerve  stump  was  in  place  on  the  Lateral  aspect  of  t lie 
foot,  t  be  t  ih  La  I  me  rve  was  sharply  t  ransected  w  ith  scissors  at  the 
proximal  entrance  of  the  subcutaneous  tunnel  (  Fig.  3D). 


2.2.5.  T&iai  raurwtu  transposition  h  iik  delayed  proxinal 
tran&ftkut  (TNT-dPTJ 

The  TNT  model  surge  ry  was  pe  rformed  as  desc  rihed  above . 
Twelve  days  alter  surgery',  the  animals  were  ne -anesthetized., 
and  t lie  tibial  nerve  was  dissected  free.  Three  millimeters  prox¬ 
imal  totlK  tunnel  cut  ranee,  the  nerve  was  tightly  ligated  with 
6-0  sflk  and  a  2-3  nun  segment  of  the  tibial  nerve  distal  to  the 
ligature  was  removed  (Fig.  3EJ.  AM  silk  suture  was  then  used 
to  anchor  adjacent  connective  tissue  to  close  the  entrance  to 
tlie  tunnel.  For  control  animals,  the  nerve  was  exposed  but 
not  cut. 

2.3.  Baftao  iarai  Ctf.ftutg  hj'fA  nrechanifai  stimiii 

To  insure  blinding,  the  experimenters  doing  the  behavioral 
test!  n  g  we  re  hi  inded  to  the  s  urge  ry  of  cac  b  an  imal,  and  t  Ik  dif¬ 
ferent  surgical  groups  were  tested  concurrently.  TIk  rats  were 
tested  three  times  preoperatively  and  several  times  during  the 
postoperative  |Kriod.  The  animals  were  placed  in  individual 
t  rans p  are  nt  plastic  cages  o  n  to  p  of  an  elevated  wi  re  mesh  stage 
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Fig.  2.  Htfcluiuc-j]  li  v  ptT j]  k.-ihiig  :;ilm .  T*  iMl  Jot  nKclianjca] 

Ivyp^Tj]  lk:;ij ,  y<hl  Frey  probes  wre  jpph«l  Lo  hknaJ  ■  .■;  m  _  ■diLnVit' 
titim.)  iniddkf  (libaal  djslrihalifxnji  sites  flu  the  pLuUr  .surface  oJ'  the 
pj^v.  Nerve ■  Jj Lt tTi- ll L>: :■□  i :■;  -were  derived.  Jtchii  S-wsit  Jiid  W(5), 

that  allowed  access  to  the  plantar  su  rface  of'  the  paw.  A 
2.5  x  2fl  cm  wi  ndow  at  t  be  hot  to  m  of  tbe  sidewalls  of  the  cages 
permitted  application  of  von  Frey  filaments  to  tbe  ankle 
region.  Tlie  animals  were  allowed  to  acclimate  to  tbe  testing 
environment  for  20-10  min  before  testing  began. 

2.3.1.  Neuroma  tenderness 

Tbe  suture  tied  to  the  didal  end  of  the  tibia]  nerve  or  con¬ 
nective  tissue  was  visible  through  the  skin  and  served  a?  the 
target  tor  mechanical  stimuli.  An  analogous  site  served  as 
the  target  on  the  contralateral  hindlimb.  A  trial  consisted  of 
a  train  of  five  applications  of  a  von  Frey  filament  (l50mN 
for  1-2  a}  with  an  interstimulus  interval  of  I  a.  If  the  animal 
re^onded  to  any  of  the  five  applications,  tbe  trial  was  termi¬ 
nated.  A  positive  response  was  defined  as  a  slow  withdrawal 
of  tlie  hi  nd  paw,  o  r  rapid  w  itbd  rawal  with  vocalizat  ion ,  licking, 
or  slaking.  Each  testing  session  consiacd  of  five  trials  to  each 
hindlimb  with  an  intertrial  interval  of  about  2  min.  The 
Response  Frequency  was  defined  as  t  lie  percent  of  positive  trials 
(i.e.,  100  times  the  number  of  positive  trials  divided  by  five). 

In  later  experiments,  we  implemented  a  grading  system  to 
qualitatively  evaluate  behavioral  responses.  Each  trial  was 
then  assigned  a  response  grade  ranging  from  0  to  2  based  on 
tbe  animal's  response.  A  grade  of  0  indicated  that  tbe  animal 
did  not  respond  during  a  given  trial.  A  grade  I  response  repre¬ 
sented  a  slow  withdrawal  of  the  paw.  A  grade  2  response  was 
defined  as  a  brisk  withdrawal  or  shaking,  licking,  or  vocal iza- 
tion.  Tbe  WT  thdra m  ai  Score  was  defined  as  the  sum  of  respo  use 
grades  for  the  five  trials  and  ranged  from  0  to  10. 

Whether  tbe  response  was  specific  to  mechanical  stimuli 
applied  to  the  target  site  was  evaluated  in  a  small  cohort  of 
animals  following  TNT  surgery.  Testing  was  performed  as 


described  above,  but  in  addition  to  tlie  neuroma  test  site,  stim¬ 
uli  were  applied  to  skin  ove rlyi ng  tbe  tihial  nerve  1  mm  prox- 
i  Dial  to  tbe  neu  noma,  and  tlie  s  k  in  of  tbe  lateral  b  in  el  i  mb  1  mm 
and  5  mm  i  inferior  to  the  neuroma. 

2.3.2.  Hindpaw  mechanical  hyperalgesia 

Mechanical  withdrawal  threshold  to  the  application  of  a 
von  Frey  probe  to  tlie  foot  was  measured  by  using  tbe  up- 
down  method  (Dixon,  19-HO).  An  ascending  series  of  von  Frey 
hairs  of  logarithmically  incremental  force  (32,  5.2,  H.3.  15,  29, 
44.  64.  94,  and  1 60  mN)  we  re  ap  pi  ied  to  sites  in  tbe  m  iddk  (t  ib- 
ial  nerve  diaribution)  and  lateral  (sural  nerve  distribution) 
aspect  of  tlie  plantar  surface  of  the  left  hindpaw  (Fig.  2). 
Mechanical  testing  followed  the  procedure  described  by 
Ringkamp  et  al.  (1999).  Each  von  Frey  hair  was  applied  to 
tlie  test  area  for  about  2-3 s,  with  a  1-2  min  interval  between 
stimuli.  A  trial  began  with  the  application  of  the  ISmN  von 
Frey  probe  to  tlie  left  and  right  hindpaws  of  each  animal.  A 
positive  response  was  defined  as  a  rapid  withdrawal  and/or 
licking  of  the  paw  inunediatcly  upon  application  of  the  stimu¬ 
lus.  Whenever  a  positive  response  to  a  stimulus  occurred,  the 
next  smaller  von  Frey  hair  was  applied,  and  whenever  a  nega¬ 
tive  response  occurred,  tlie  next  higher  force  was  applied.  Tie 
testi  ng  conti  nued  fo  r  five  mo  re  sti  mu  li  after  t  be  fi  rst  chan  ge  i  n 
response  occurred,  and  tlie  pattern  of  responses  was  converted 
to  a  SfF/i  von  F rey  threshold  using  the  technique  described  by- 
Dixon  (19H0).  If  the  animal  showed  no  response  to  tlie  highest 
von  F  rey  hai  r  ( 160  mN).  a  von  F  rey  til  nab  old  of  260  mN ,  cor- 
responding  to  tlie  next  log  increment  in  potential  von  Frey 
probes,  was  assigned  to  the  threshold. 

2. 4.  Lifocaine  black 

Nine  weeks  following  TNT  surgery,  a  cohort  of  eight  rats 
displaying  elevated  beliavioral  response  frequencies  to 
mechanical  stimulation  of  t lie  neuroma  and  plantar  mechani¬ 
cal  hyperalgesia  were  randomly  assigned  to  two  interventional 
groups,  local  lidocaine  injection  or  control  lidocaine  injection. 
In  pairs,  the  animals  were  lightly  anesthetized  using 2%  isofiu- 
ranc.  One  animal  received  a  100 pi  injection  of  1%  lidocaine 
with  epinephrine  to  the  neuroma  target  site  marked  by  the 
suture  on  tbe  tibia!  nerve.  To  control  for  systemic  effects  of 
lidocaine,  tlie  lidocaine/epinephrine  was  injected  into  tlie  sub¬ 
cutaneous  tissue  overlying  tbe  lumbar  spine  of  tlie  other  ani¬ 
mal.  Ten  minutes  after  awakening  from  anesthesia,  the 
animals  were  placed  in  cages  on  top  of  the  testing  stage  as 
described  above.  Blinded  behavioral  testing  of  the  neuroma 
and  hindpaw  was  performed  as  described  above  immediately 
prior  to  lidocaine  injection  and  three  times  after  injection 
(15 nun,  60 min,  120  min).  Two  days  later,  tlie  animals  were 
crossed  over  to  tbe  other  treatment  arm  and  tlie  beliavioral 
protocol  was  repeated. 

2.5.  Fled rophyrioioricai  procedures 

Tie  rats  were  initially  anesthetized  with  pentobarbital 
(50 mg/kg,  intraperitoneal).  Anesthesia  was  maintained  by 
intravenous  administration  of  pentobarbital  (It-lOmg/kg.b) 
via  tlie  jugular  vein.  Heart  rate  was  continuously  monitored 
as  an  indicator  of  adequate  anesthesia.  A  tracheotomy  was 
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performed,  arid  animals  were  artificially  ventilated  to  maintain 
expired  |iCOi  to  40mm  He..  Muscle  paralysis  was  achieved  by 
intravenous  pancuronium  bromide  (I mg/kg).  Feedback-con- 
trolled,  water- perfused  beating  pads  were  used  to  maintain 
core  temperature  (rneasu red  by  a  rectal  probe)  at 

Electro  physiological  recordings  were  made  from  the  tibia! 
nerve.  Teased- fiber  recording  techniques  were  used  as 
described  previously  (Campbell  and  Meyer,  19H3).  Briefly,  a 
skin  incision  was  made  above  tbe  tihial  nerve  in  the  |Vipliteal 
fossa,  and  t Ik  tibia!  nerve  was  exposed.  The  skin  around  tlie 
incision  was  used  to  form  a  pool  by  suturing  the  edges  to  a 
metal  ring.  Tbe  pool  was  tilled  with  warm  paraffin  oil.  A  split¬ 
ting  platform  was  placed  underneath  die  nerve  at  the  proximal 
end,  and  a  small  silver  wire  which  served  as  the  recording  elec¬ 
trode  was  positioned  above  tbe  splitting  platform.  Small  bun¬ 
dles  were  cut  from  tbe  lErve,  and  teased  into  smaD  filaments 
suitable  for  recording  activity  from  single  fibers.  A  stimulating 
electrode  was  placed  under  the  nerve  at  die  distal  end  of  tbe 


incision,  about  1.5cm  distal  to  die  recording  electrode.  Tbe 
stmulation  electrode  was  used  to  deliver  electrical  pulses  of 
variable  strength  to  die  nerve  in  order  to  count  die  number 
of  A  and  C  fibers  on  the  recording  electrode. 

The  neural  signal  was  differentially  amplified,  filtered,  and 
digitized  at  a  rate  of  25  kHz.  A  real-time  computer-based  data 
acquisition  and  processing  system  (DAPSYS,  Brian  Turnqu ist , 
Johns  Hopkins  University;  for  details,  go  to  littp://www.dap- 
sys.net)  was  used  to  record  neural  activity.  Tbe  software  pro¬ 
vided  multiple  window  discriminators  for  real-time  sorting  of 
di  It  rent  action  potential  waveforms.  AH  waveforms  passing 
a  selectable  th  res  bold  level  were  saved  for  post  hoc  analysts. 

Neural  recordings  were  performed  100- 1 10 days  after  the 
neuroma  (or  sham)  surgery.  After  determining  tbe  number  of 
fibers  at  tbe  recording  electrode  that  responded  to  electrical 
stimulation  of  tlie  nerve,  ^lontaneous  activity  was  measured 
over  a  5 min  interval.  A  beat  lamp  was  then  applied  to  deter¬ 
mine  if  tlie  spontaneous  activity  originated  from  cold  or  warm 


23 


M.J.  Durri  rial  f  Fain  1*4  (2WH/  32i J  334 


fibers.  The  skii i  -fiver  the  lEuroma  site  was  stimulated  -with  a 
von  Frey  probe  (l50mN)  and  blunt  pressure  to  determine 
whether  mech animal ly  sensitive  fibers  were  present. 

2. 6.  Histological  procedures 

Animals  were  euthanized  by  cardiac  puncture  under  deep 
anesthesia  and  subsequently  perfused  with  saline  and  4%  |iara- 
t'ormaldchyde  in  Sorenson's  buffered  solution.  Sections  from 
the  tihiil  nerve  proximal  and  distal  to  all  sites  of  li cation 
and  transection,  as  well  as  the  neuroma  were  harvested.  The 
specimens  were  post-fixed  in  Zft  osmium  tetroxide  and  embed¬ 
ded  in  E pe n.  Sections  ( I  pm)  were  stained  with  toluidine  blue. 

2.  ?.  E xperimentai  design 

Ttj ree  separate  groups  of  animals  were  included  in  the 
experiments  described  in  this  study. 

2. 7. 1.  Experiment  proup  one 

The  aim  of  the  initial  experiment  group  was  to  demon¬ 
strate  that  file  TNT  model  surgery  led  to  file  formation  of 
a  neuroma  with  characteristic  electro  physiological  and  histo¬ 
logical  properties  and  also  led  to  He  development  of  a 
behavioral  response  that  could  be  evoked  by  applying 
mechanical  stimuli  to  the  skin  overlying  tlie  neuroma.  The 
TNT  surgery  and  the  three  di  fie  rent  control  procedures  per¬ 
formed  in  experiment  group  one  are  illustrated  in  Fig.  3. 
The  TNT  model  surgery  was  performed  in  eight  animals 
(Fig.  3A).  The  three  different  control  procedures  were  aimed 
at  confirming  that  the  pain  behavior  in  response  to  palpat¬ 
ing  file  ligature  site  was  due  to  the  iKuroma  formation. 
These  control  procedures  were  performed  concurrently  and 
were  therefore  a  ho  useful  in  blinding  the  experimenters. 
For  eight  animals,  the  TNT  model  surgery  was  performed, 
hut  the  tibial  nerve  was  simultaneously  transected  proximal 
to  the  tunnel  (TNT-sPT,  Fig.  3D).  For  eight  additional  ani¬ 
mals,  the  tibial  nerve  was  ligated  and  cut  but  not  transposed 
to  the  lateral  beat  ion  (TNT-nT,  Fig.  3C).  Finally,  the  tibial 
nerve  was  exposed  but  not  cut  in  eight  sham  animals  (S, 
Fig.  3E).  For  all  animals,  a  tunnel  was  created  and  a  suture 
was  placed  under  the  skin.  Behavioral  teaing  fo r  mechanical 
sensitivity  at  the  lEuroma  test  site  was  performed  in  all  of 
the  animals.  In  animals  with  tlie  TNT,  mapping  of  the 
behavioral  reqionse  following  application  of  stimuli  at  sites 
distant  from  tlie  neuroma  was  also  performed.  Elect ropbys- 
iological  and  biological  studies  were  performed  on  a  subset 
of  these  animals  at  the  conclusion  of  the  behavioral  studies. 

2.  7.2.  Experiment  rroup  t  wo 

Tire  aim  of  the  second  experimental  group  was  to  investi¬ 
gate  the  effects  of  tire  TNT  model  on  paw  withdrawal  thresh¬ 
olds  to  mechanical  stimuli  applied  to  the  plantar  surface  of 
tlE  hind  paw.  In  addition  to  TNT  surgery  (,V=  8).  two  control 
groups  were  included  in  this  experiment  group.  Eight  an imais 
underwent  a  sham  procedure  ("S".  Fig.  3 E ).  and  eight  animals 
did  not  undergo  any  surgical  procedures  ("C”,  Fig.  3F]i.  All 
animals  were  tested  for  mechanical  hyperalgesia  in  the  liiird- 
paw,  as  well  as  mechanical  sensitivity  at  tire  lateral  ankle 
(i.e.,  tire  lEuroma  test  site).  At  the  conclusion  of  eight  weeks 
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of  behavioral  testing,  tire  eight  airimals  that  had  reached  the 
TNT  model  surgery  were  selected  for  tire  lidncaiiE  experimen¬ 
tal  protocol  described  above. 

2. 7.3.  Experiment  %roup  three 

The  aim  of  tire  third  experiment  group  was  to  determine  if 
the  belrav  io  rs  p  rovoked  by  ap  plyi  rr  g  meclr  airical  st  im  ul  i  to  neu- 
roma  test  site  or  plantar  hind  paw  depended  on  the  presence  of 
He  lEuroma  at  tlE  lateral  test  in  g  site.  Twenty-four  animals 
underwent  TNT  model  surgery.  Twenty  an  im  ah  that  demon¬ 
strated  robust  lEuroma  tenderness  and  plantar  hy|Eralgesia 
were  selected  and  divided  into  two  surgical  groups.  Terr  days 
after  tire  TNT  surgery.  1 1  animals  received  a  delayed  proximal 
transection  of  the  tibial  nerve  (TNT-dPT,  Fig.  3 E).  To  control 
t Ire  effects  of  re-exposing  tire  tibial  nerve,  the  tibial  nerve  was 
exposed  but  left  intact  in  tire  remaining  nine  animats.  All  ani¬ 
mals  underwent  additional  belrav ioral  testing  of  the  neuroma 
test  site  and  lateral  aspect  of  the  plantar  bindpaw. 

2.8.  Statistical  analysis 

Since  the  behavioral  scoring  methods  employed  yield  dis¬ 
crete  prefixed  values  rather  than  a  continuum,  and  since  tire 
data  were  not  normally  distributed  because  of  tire  ce fling 
effects  of  a  limited  range  of  von  Frey  hairs,  non- parametric 
tests  were  performed.  Tests  we  re  |Erformed  to  analyze  tire  var¬ 
iance  between  testing  days  (Friedman  ANOVA  for  repeated 
measurements,  followed  by  Wifcoxon  matched  pairs  when 
appropriate)  and  between  surgical  groups  on  a  given  testing 
day  (K mskal-Wallis  ANOVA,  followed  by  Mann-WkdPrcy 
{/-test  when  appropriate).  A  p  value  of  0.05  was  considered 
to  be  aatistically  significant.  Data  are  presented  as  median 
with  25tb  and  75tb  quartits. 

3.  Kc-sults 

3.1.  Mechanical  stimulation  of  the  skin  overlying  a  tibial 
neuroma  produces  a  heha  uiaral  response 

In  experiment  one,  eight  animals  underwent  the  tibial 
neuroma  transposition  (TNT  j  s urgery  in  which  the  tibial 
nerve  was  Him  Led.  arid.  ruLa  Led  such  LhaL  Lhe  ligaLune  was 
positioned  a t  Lite  laleral  side  of  the  ankle  (Fig,  3A).  The 
L  Knee  Con  trol  g  roups  in  ex  peri  men  L  o  ne  a  re  ill  us  LraLed  i  ri 
Figs.  3H-D.  Mechanical  stimulation  of  the  laLeral  side  of 
the  ankle  with  a  von  Frey  probe  normally  did  not  lead 
to  a  behavioral  response.  However,  following,  Lhe  TNT 
surgery,  animals  developed  a  vigorous  response  to  Von 
Frey  stimulation  at  tlie  ligaLure  (which  could  be  visual¬ 
ized  through  Lhe  shin].  Tlie  incidence  of  response  Lo  live 
trials  of  mechanical  sLimulalion  is  plotted  as  a  function 
of  time  ufLer  the  lesion  in  Fig.  4.  The  response  frequency 
for  Lhe  TNT  group  differed  signilicanLly  from  baseline 
starting  on  postoperative  day  5  and  persisLmg  for  the 
du  ra  Lion  of  the  experiment  ( 100  days).  The  response  fre¬ 
quency  for  Lhe  TNT  group  differed  from  Lhe  Lhree  con¬ 
trol  groups  sLarling  im  day  six  and  for  must  of  the 
time  points  Lherea.ff.er. 
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[■']  t.  4  TOT  minted  pp: > J. u.-_r: :-;  ;■«.  u  r«Miu  LendeTire:fi.  N:  ii  om-ine  T ‘NT 
surgery,  jjuiijL-;  d^pljyed  jm  JiLCTejsed  IrequeiLcy  cd  reiqxaLfe  fo 
apphtfiijiMi  oJ  ' j  1  SI  mPt  wm  Ebey  probe  Lo  Lhe  iujLiiTe  sile-,  The 
raedreii  behjvionj]  re.-rpon:re  Ircquenty  l<xr  Lhe  TNT  a'.: up  diilkred 
HiuTaJk-jnUy  Jlrora  baseline  Arflag  (mi  |lbCtB]MHtbe  day  5 
iS=p  (IjCj5J.  'Ik  iM'  UTOiip  ddlered  t 1 1 1 i ■_ i  Ll  i.1  Irom  Uie  LJuee 
Chs-hIto]  £roup«  ilarLmu  tai  day  7  (m=p  (lJU5  VnUi  rc.-cpecl  lo  bi  ■*  aire 
and  v,’]Lh  TeapecL  Lo  oQw  groUpc).  The  ratail!*!  £  Tulips  did.  tujL  diifer 
siunoJi'.-JiUy  Jtoid  bJrelure  ot  each  other.  Schema  Ul-3  ■:>!  lhe  s  iitlkt-k:-; 
perhynned  m  each.  ti  Lhe  e/roLpa  are  shown.  m  E-'ie.  3. 

There  was  m t  consisLenL  difference  in  response  f te¬ 
ll  Lie  ncy  for  an)1  of  the  control  g  roup  s  cl  imp  a  red  Lo  ba  se¬ 
line  or  each  other.  These  conLrol  groups  were  run. 
CGfi  Currently  with,  the  TNT  model  animals  Lo  insure 
blinding  of  Lhe  experimenter.  Perhaps  the  most  interest¬ 
ing  control  group  is  the  TNT-sPT  group  in  which  the 
tibia  I  nerve  was  III:  a  led  and  rolaLed  its  is  done  fas-r  the 
TNT  model  surgery  buL  the  Libial  nerve  was  cut  siriiuha- 
neoLisly  about  L  cm  proximal  La^  Lhe  I  igature.  This  grtmp 
did  Hot  display  an  increased  response  Lo  mechanical 
stimulation  aL  Lhe  ligaLure  site  indicating  that  lhe  behav¬ 
ior  was  noL  due  to  Lhe  surreal  manipulations  necessary 
lit  position  the  ligature  Lfn  Lhe  lateral  side  of  Lhe  fooL,  buL 
rattier  require  that  L  tie  nervous  supply  to  the  ligature  she 
(and  eventual  neuroma  I  was  intact. 

To  confirm  that  this  behavior  did  noL  rellect  cutane¬ 
ous  hyperalgesia  but  rather  required  stimulation  i if  the 
neuronia,  we  applied  Lhe  von  Frey  probe  aL  four  difTer- 
enL  Locations  relative  to  the  ligaLure  (Fie.  5  i.  Vim  Frey 
stimulation  to  the  skin  overlying  ttie  ligaLure  or  along 
the  course  of  the  Libial  nerve  3  mm  proximal  Lo  Lhe  Lig- 
aLure  always  evoked  a  100%  response  in  all  animals. 
Response  frequencies  decreased  in  a  distance  depended L 
manner  as  Lhe  probe  was  applied  3  mm 


LlQ-ibure  Nerv*  Emm 
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Fig,  5.  E-'<scjJ  regxxn  of'  neiLToaiu  iBOidft£tlCC&  in  TNT  mcdeJ.  lhe 
behj™M.=j  respond  Ireqlie-JLcy1  to  jppJic-sboH  ol  j  15(1  mN  rexn  fc'rty 
probe  Wjs  nje-tfured  Jl  four  sites  iwi  Lhe  IjLerj]  hnidlnnb:  LheliguluTe 
.oLe,  3  mm  proAno-aJ  Lu  Lhe  hgi  Lure  fan.  Lhe  Libia  niire),  3  rain  niJerjor 
Lo  Lhe  hgaLure,  .and  3 ram  mJerisxr  Lhe  Hip. lint,  in  =9). 


(RF  3d  i  10%)  and  5  mm  (RF  2  ±2%)  in fe  n  or  to 
Lhe  ligature  LesL  site. 

3.2.  The  TNT  .turnery  prothtee.%  tiehantwat  rir/ir  of 
mtTha nimi  hyperalgesia  in  the  hinrfpuw 

Experiment  two  served  as  a  randomised,  Controlled 
assay  for  Lhe  develop  men  L  of  mechanical  hyperalgesia 
in  the  hindpaw'  following  TNT  model  surgery.  Paw 
withdrawal,  thresholds  Lo  mechanical  sLimuli  applied  Lo 
Lhe  lateral  paw  and  middle  paw  are  shown  in  Fig.  d. 
Al  baseline,  Ltiere  was  no  difference  in  withdrawal 
L hres hold'.  aL  eiLher  site  armmg^L  Lhe  groups.  In  aH 
groups,  Lhe  withdrawal  Lines  holds  in  Lhe  middle  of  Lhe 
hindpaw  (Libial  nerve  disLribuLion)  were  at  or  near  Lhe 
cut  off  value  lor  all  time  points,  reflecting.  Lhe  facL  that 
Lhe  animals  did  noL  respifnd  Lo  Lhe  highcsL  von  Frey 
before  the  injury  and  that  the  middle  of  the  paw  is 
almost  completely  d enervated  by  the  libial  lesion. 

The  mechanical  withdrawal  thresholds  in  the  lateral 
aspect  of  Lhe  hindpaw  varied  signi ficanLly  with  group 
and  lime.  Animals  in  Lhe  TNT  model  gTLfup  displaved 
mechanical  withdrawal  thresholds  thal  were  signifi¬ 
cantly  lower  than  baseline  and  the  naive  conLrol  group 
for  Lhe  duration  of  the  postoperative  period  (5 1  days) 
with  the  exception  of  days  L7  and  37  when  Lhey  were 
only  significantly  Lower  than  baseline.  The  TNT  mrsdel 
group  displayed  paw  withdrawal  thresholds  Lh  elL  tended 
Lo  be  lower  Lhan  these  of  Lhe  sham  group  on  all  poiJtop- 
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E-fo.  ifi .  TIs  T  ni':>il  pusliii'es  m-j.luiivjJ  Jiyptfrilutnij.  L'j*  ^.■iLhdrjM-j]  lLit  i  Lo  wxn  E-re  y  -;Lr!i.u  L  jppifcd  Lo  Lire  LjL^tjJ  £  A}  jud  zaiddk  £  El;-  k.-il 
siLsss  jre  ploLted  j S  j  Ikuc-lion  ol'  hm=  J'Lct  Lhe  aarusry.  (Af  AL  Lhe  Mrira]  testiile,  j  in  mil-;  :n  lhe  TNT  TnodeJ  p-oapi'JlJ  Led  sq  lore,  n  =  Kj  dspl^ed 
nicdu]ik.jJ  UfiLhdii.ttuJ  Lhrtfihddfi  Lii_=  I  vrere  .-nemJLvjnOy  Juiver  Lion  hj:«-lmc  C  —  p  ■£  CI/J5,  “  —p  S  C1.CJ  1 lhe  noiwVperited  ochiLto!  (drek?,  K, 
c  —p  ^  ^  tJ.EJ]),  jiid  Lhe  ■;  li.-cr.  groigo  i  Lrum  de,  n  ■=  K ,  1  —p  <  G  j£J5,  “  —p  r-.  CIJQIJl  Thiie  no  diJleTiaiL.-e  m  ■*]LhdrjunJ  Ihre^hokk  ^1 

erLhersiLe- jracmgiL  Iheigrolipi  jL  hxidnie-.  i’tl;  In  jii  .eroupi,  lhe  wiUidT^wa]  UiTe^holda  m  the- middle  d'  LherJundpjw  (lihde]  jkt w  dJstri1rtitKm!i  did  noL 
vary  kiuiuILcjoi l!y  Jtoto  tuidnre  jI  jiiv  pomL  m  Lire  poaLoperjlive  perxxl.  (Cji  Tdidattu^  over  Lhe  IjLex^l  jnkie  developed  m  jJJ  jiniiuk  ttitaviiiu 
TIN  T  irKideJ  m  myeTy,  buL  noL  si  Uie  ^Jura  ot  conbcd  jrain  jJs  The  re^pooise  I  req  itireie:!  I<tt  Lhe  TNT  nnoleJ  ynjup  ^erc  -r:gi;Jre  jiillv  e  leh-j  led  omipcired 
to  non-opcTaLed  «hi1to]  grdlLp  ( —p  £  tl.tl]^,  Lhe  alum  yroup  i"—  p  £  CJq]J,  Jiid  hj-iehit  r"  =  ^  Uj(LI]ji. 
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erarivedays.  Hi  is  difference  reached  si  grii  ficince  on  days 
23,  44,  and  51.  For  the  sham  and  naive  groups,  laLeral- 
sile  paw  withdlfawal  thresholds  did  not  vary  significantly 
from  baseline  or  each  Other. 

3.3.  Proximal  it  him'  nerve  transection  reverses  the 
ne\troma  tenderness  produced  by  the  TNT  mode! 

Experiment  three  evaluated  the  efTecL  of  a  delated, 
proximal  Libia  I  nerve  transection  on  neuroma  tender¬ 
ness.  Twenty  of  Lhe  twenty- four  animals  that  underwent 
TNT  model  surgery  displayed  behavioral  response 
scores  Lhat  were  significantly  greater  than  baseline  sis. 
days  after  Surgery.  Ten  days  after  the  TNT  m  isle  I  sur¬ 
gery,  1 1  of  these  animals  underwent  proximal  tibial 
nerve  transection.  The  remaining  9  animals  had  the  tib- 
ial  nerve  expifsed  (buL  noL  cuL)  and  served  as  the  cimlrol 
animals  Lo  blind  Lhe  es.perimen.Ler. 

Following  proximal  tibial  nerve  Lransecrion,  behav- 
ioral  response  scores  for  stimulation  at  Lhe  neuroma 
dropped  abruptly  and  were  not  significantly  different 
from  the  baseline  scores  before  the  TNT  surgery.  The 
scores  were  significantly  lower  than  immediately  prior 
Lo  proximal  tibial  nerve  Lransection  for  the  entire  testing 
periisd  (Fig.  7).  In  cunLrasL,  following  Li  bia  I  nerve  expo¬ 
sure  in  the  control  group,  response  scores  did  not 
decrease  buL  ranamed  significantly  gpeaLer  than  baseline 
arid  did  not  vary  significantly  from  immediately  prior  to 
tibial  nerve  expifsure.  Bella  vioral  response  scores  were 
significantly  lower  for  the  proximal  Libial  nerve  transec¬ 
tion  compared  to  tibial  nerve  exposure  group  on  all 
postoperative  Lest  days.  Thus,  proximal  Libial  nerve 
Lransecrion  led  Lo  a  reversal  of  Lhe  neuroma  pairi 
behavior. 

3.4.  Mechanical  hyperalgesia  in  the  hindpaw  produced  by 
the  TNT  model  persists  fallowing  proximal  tibial  nerve 
transection 

Experiment  three  was  also  used  to  assess  the  effects  of 
proximal  Libial  nerve  Lransecrion  on  mechanical  hyperal¬ 
gesia  pridueed  by  TNT  modd  surgery.  At  baseline,  paw 
withdrawal  thresholds  for  the  two  groups  did  not  differ 
(Fig.  7B).  Immediately  after  TNT  mi  del  surgery,  paw 
withdrawal  thresholds  on  Lhe  lateral  side  iff  the  foot  were 
sigrii  Licantly  lower  than bas dine  for  bnLh  groups.  No  dif¬ 
ference  was  evidenL  between  Llie  groups .  Following  prox- 
imal  tibial  nerve  exposure  or  L  ran  section,  pa  w  withdrawal 
L  hres  holds  remained  sigrii  lie  a  ml  y  decreased  from  b  asel  i  ne 
fi?r  all  animals .  There  was  no  di  He  rente  in  pa  w  wi L  lidra  w  al 
threshold  between  Lhe  two  groups  at  any  hmepoinL.Thus, 
proximal  Libial  nerve  transection  did  noL  lead  to  a  reversal 
id  the  hindpaw  hyperalgesia. 

A  LoLal  id"  40  animals  received  TNT  surgery  in  the 
three  experimental  groups.  Thirty-six  iff  Lhese  animals 
(90%]  displayed  a  positive  behavioral  response  to 


mechanical  '.LimulaLion  of  the  \hiri  Overlying  Lhe 
neu  risma . 

3.3.  Local  lidocaine  Inject  ran  reverses  the  neuroma 
tenderness  produced  by  the  TNT  model,  but  does  not 
effect  hindpaw  mechanical  hyperalgesia 

Fig.  S  illustrates  the  effects  of  local  lidocaine  injection 
on  neuroma  tenderness  arid  hindpaw  mechanical  hyper¬ 
algesia  compared  Lo  the  effects  iff  lidocaine  injection  aL  a 
remote  site.  EigfiL  TNT  animals  trim  experiment  group 
Lwo  that  di '.played  increased  behavioral  response  fre¬ 
quencies  at  Lhe  neuroma -site  arid  hindpaw-  mechanical 
hyperalgesia  nine  weeks  after  tibial  nerve  neuroma 
model  '.urgery  were  enrolled  iri  a  crossover  sLudy. 
Response  freq  uencies  were  significantly  lowered  follow¬ 
ing  local,  but  noL  remoLe,  lidocaine  injection.  This  was 
lir'.L  evident  at  I5miri  arid  lasLed  for  Lhe  duration  of 
Lhe  experiment  ( L 20  min).  Behavioral  response  frequen¬ 
cies  fol  lif wing  remoLe  lidocaine  injection  did  rioL  sigrii  fi- 
canLly  differ  from  pre-injection  levels. 

Paw  withdrawal  thresholds  to  mechanical  stimuli 
applied  Lo  Llie  lateral  aspect  iff  Lhe  paw  did  not  differ 
from  pre-injection  levels  following  remote  or  local  lido¬ 
caine  injection.  Following  injection,  Llie  withdrawal 
thresholds  iff  Lhe  Lwo  groups  did  not  differ  with  respect 
to  each  other. 

3.6.  TNT  model  surgery  results  in  the  format  ion  of  a 
histologically  characteristic  neuroma 

Histological  sections  iff  Lhe  neuroma,  proximal  nerve 
anddisLal  nerve  stump  were  examined  at  the  completion 
iff  the  experiments,  some  seven  months  after  crearion  of 
L  he  neuroma .  Longj  t  udi  na  I  sections  Lh  ro ug  h  L  he  neuroma 
demonstrated  demyelination,  enlarged  unmyelinated 
axons,  increased  collagen,  excess  endoneurial  cells  and 
chaotic  orientation  iff  axons,  all  fea Lures  characteristic 
iff  nerve-end  neuromas  that  do  not  undergo  roLaLion 
(Fried  and  Devor,  L9BE).  9  n  the  area  iff  Llie  neuroma  near¬ 
est  L  lie  liga  L  ure,  L  here  were  numerous,  large,  urm  lyelina  Led 
axons  as  previously  observed  in  detailed  sLudies  iff  neu¬ 
roma  end  bulb  formation  (Fried  eL  al.,  199  6).  Unlike  pre¬ 
vious  sLudies,  we  observed  a  significant  number  of  thinly 
myelinated  axons  within  several  hundred  microns  of  Lhe 
ligature  siLe  (Fig.  9),  presumably  reflecting  very  late 
changes  in  Lhese  neuromas  sLudied  more  than  200  days 
after  nerve  ligation.  More  proximal  parLs  of  Lhe  nerve, 
leading  to  the  neuroma,  exhibited  a  normal  density  of 
axons  and  Lhe  fo rmaLion  iff  some  regenerative  clusters. 

The  distal  nerve  stumps  Lhat  were  generated  at  Lhe 
Lime  iff  Lhe  ini  rial  injury  were  identified  aL  auLopsy  by 
micndissection.  Perhaps  surprisingly,  these  distal  nerve 
s Lumps  werenoL  derier  va Led  but  raL her  exhibited  a  large 
number  iff  axons,  although  the  number  was  markedly 
reduced  when  compared  Lo  uninjured  nerves.  The  origin 
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I  ima  !3acQrc  surye  y  (days} 

Fig.  7.  FTOAuna]  Li hu I  nerve  Lranseclicm.  reverses  ne-UTcmu  Lende-me^i.  Thii  TMT  rncxlel  surgery  -was  dime  cm  all  annuals.  Ten  days  Idler,  die  tibia! 
ner  w  was  eipcscsed  ]  cm  pTOJ-imal  lei  die  Sja  lurt  site  in  anjimis  Lt:,-.  L  had  developed  robust  pam  bdhavktf i  i  n  =  20k  lire  nerve  was  transected  m  ]  1  of 
die  annuals (TNTndiT) and. left  alone  in  die  others  (TNT  sham  dfTjL  (A)  Meimmxa  tenderness  xs  reversed  "by  jmraiul  Libuhicrve  transection.  Ths 
TMT suTgery  produced  behavxxral  Tespo-nse  scores  dial  were  sigiuJLcaudy  greater  dian  baseline  Jot  both,  groups .  'lire  delayed  proJvmis]  LransecLicji 
(dFT),  buLnoL  shain,  resulted  in  a  tigmficanL  decrease  in  die  behavior  a]  response  soar  tit  la  a  level  dial  was  nert  sigml'icanfly  dilleienl  Jicun  baseline, 
'llie  behavioral  respoiece  scores  Ter  name-1  sigiuJirandy  louver  Llian  mnnedialely  Jol  lowing  TNT  n*de  I  i“m  C1.CI1J  icsr  die  entire  Lc.cLinv  period. 

■Lcmrpared  to  sham  dFI'  grcsip,  die  dFI'  group  derncmsLraled  behavioral  respmse  scores  dial  weresignillcandy  Jcswer  cm  all  pcssUspeialive  lest  days 
("  —/I  i’  G.G5,  m=p  £  0.G1  Jl  (Bj  Paw  hyperalgesia  is  not  changed  by  ptuidlJ  tibia]  nerve  transecbcu.  Al  basehne,  paw  wiLlidrawal  IhreshcJds  Lot 
die  lwcj.UTCJU.p-:  did  not  diller.  braneduLdy  idler  lire  TMT  s  UTgery  ,paw  withdrawal  thresholds  wse  siginJLcandy  lover  dian, basehne  Jew  both,  groups. 
No  diilerence  was  evident  between  Ore  groups.  Following  dFI'  or  shain  dFI',  paw  withdrawal  duejhcdds  ranajrred  significantly  decreased  3'tcmr 
basehne  and  did  nol  drlter  Inna  posl-TMT  rttodel  levds  (“  =jD  £  G.G5,  =  p  £  Gill,  =  ^  i  G.GG1).  ‘ITrere  was  no  drllerence  m  paw  withdrawal 

L 1 1  r I i kl  between  die  two  groups  at  any  brae  pcsnil. 


and  directionality  of  these  adorns  was  noL  established  iri 
Lhese  eaperimenLK,  und  it  is  pDH&ble  LhaL  Lhese  aaOdfi 
were:  retrograde  in  anLerudrade  in  direction  (  Bd/.ber_tz 
ami  Campbell.  L99B).  As  described  below*  we  demon- 
s  irate  that  these  aborts  did  cud  arise  fntm  L  Ke  tibia  I  nerve 
itself. 


PtOaimal  Libia  I  Tier  vie  transection  (EAperimenl  three) 
resulted  iri  massive  Wallerian  depenera L i L!,ri  in  the 
nerve-end  neuromas  when  examined  tm  day  5  post-Lran- 
secLiim.  Following  proximal  Libia  I  nerve  transection, 
however,  Litere  was  no  Wallerian  degeneration  seen  in 
Lite  distal  nerve  slump  indicating  LhaL  repop LtlatiOn  of 
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8,  L>l:>^mrMiijrH:LK>ii  jL  due  siLe-  cl  Lhe  lie  unmia  iems«a  :k  i:  i  .xnj  bfm.-drtiiuS;;.  Nine -w«-ici  jJ"tT  TMT  Hurgeiy,  btkx^uic  ( ]  9^  ](Jtl  u]  i  wjs  ligcclcd 
jL  Ihf  site1  (tf-  the  mtiMU  <>i  31  j  rtu*:-Ltf  siLc.  <A)  The  kreai  lidorjme  mjectkm.  TesuJltfd.  in  j  a^auficanL  dAttftlfB  in  th.*  respoiEse  to 

incdtaiivj  I  --I .  'i  .n .  .1 :i  :jJl  ihe  iicukmiij  i'“  =  p  £  U.G1 [njeclicsai  <H  bdchauic  U>  a  reir»l n  mlrf  did  ikiI  j  ILcL  Ow  rfll]ttci&d  JpHiurfau.y.  'Ilw  fttjMMUA 
I  requau-im  were*  .fiuiidi^jill  v  l™« r  IbUowni  u  injection  lor  Lhe1  l:>nil  vmus  :njecbi:n  ^rcsiip  lixr  Die-  cii  Li  rt  ]  20  -inm  Lc.iL  pc  riod.  ( —  jD  £  0  Jj  1  ;■. 

L&>  Lidcc.diic  vijecLicn  ,  kxid  I  oriwtKybf.djd  nut  altar  pju;  wiLl  id.Tjiv.il  Orreshiyld.'i  U:-  nicdi  jziiui  I  tilun  LLb  l>;>n  (jil  lhri-pljuLar  Imd  pu  j  L  jii  v  dine  pair! 
Ibl  knvin  u  injecLim. 


L hie-  distal  nerve  a Lump  was  not  due  lit  invasion  by  Axons 
=i H i n l:  from  the  Libinl  nerve  buL  rather  lit  recruitment  of 
axons  from  oilier  nerves.  This  suggests  that  reinnerva- 
Lum  of  Lhe  plantar  skin  may  be  due  in  pari  to  axons 
fr-LMTi  adjacent  nerves  that  have  regenerated  through 
Lite  distal  stump  of  the  tibia  I  nerve. 

j.  7.  Afferent  fibers  originating  from  the  tibia l  muroma 
exh  ib  itesi  upon  taneou.t  activity  ansi  mechanttfemi  Unity 

I  n  anima  Is  wi  L  h  a  tibia  I  nerve  neuroma  <  n  3 ),  sing  le 

fiber  record! ngs  were  obtained  from  L 30  units  <9fl  C 


fibers  and  4fl  A  fibers)  in  the  tibia  I  nerve.  Spontaneous 
activity  was  observed  in  14  fibers:  in  two  of  these  fibers 
Lhe  spontaneous  activity  originated  from  cold  fibers 
since  it  was  stopped  by  genLle  warming.  Mechanical 
stimulation  id  Lhe  neuroma  elicited  a  response  in  5 
fibers.  In  the  sham  animal,  single  fiber  recordings  were 
obtained  from  26  fibers  <19  C  fibers  arid  7  A  fibers). 
Spontaneous  activity  was  obser ved  in  2  fibers;  both  were 
cold  fibers  since  genLle  warming  stopped  Lite  spontane¬ 
ous  activity.  Mechanical  stimulation  over  Lite  nerve  did 
not  elici L  a  response.  These  resuhs  are  comparable  Lo 
Lhifse  obtained  by  oLhers  who  have  recorded  from  neu- 
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romfls  in  the  peripheral  nerve  (Rlumberg  and  Janin. 
L9B4;  Meyer  el  al.T  I9S5). 

4  .  Discission 

We  developed  a  novel  model  of  neuropathic  pain  Lo 
Specifically  investigate  I  he  mechanisms  of  neuroma  pain. 
The  Libia  I  neuroma  transposition  (TNT)  model  pro¬ 
ducts  a  robusL  and  LllsL i ng  behavioral  response  charac¬ 
terized  by  Lender  ness  Lo  mechanical  stimuli  applied 
over  Lhe  neuroma  and  hyperalgesia  Lo  mechanical  fihm- 
llI  i  applied  Lo  Lhe  planLar  hind  paw.  The  neural  mecha¬ 
nisms  of  neuroma  tenderness  and  mechanical 
hyperalgesia  appear  to  be  different  since  in LerrupLion 
of  the  pain  sip na I ing  pathway  from  Lhe  neuroma  Lo 
Lhe  CNS  by  local,  application  of  lidocaine  or  by  proxi¬ 
mal  LransectiorL  of  Lhe  Libia  1  nerve  eliminates  the  neu¬ 
roma  Lendemess  buL  not  the  planLar  mechanical 
hy  pera  Igesia . 

TlLe  basis  lor  Lhe  TNT  mifdel  is  the  clinical  obser¬ 
vation  tluiL  palpating  Lhe  L issue  overlying  a  neuroma 
evokes  paraesLhtssias/dysaesLhesias  in  Lhe  distribution 
of  the  injured  nerve.  Anecdotal  reports  indicate  LhaL 
pa  I  pa  Lina  scia  tic  nerve  neuromas  in  rats  evokes  dis¬ 
tress  vocalisation  and  Struggling  (Cksvor  eL  al.T 
L 999 J.  The  TNT  model  is  the  first  animal  model  LhaL 
a  Hows  neuroma  tenderness  Lo  be  systematically 
evaluated. 


4.  /.  Neuroma  tendeme.vi 

Several  measures  were  La  ken  to  ensure  that  the 
behavioral  response  was  dependent  on  the  Stimulation 
id  Lhe  neuroma.  To  avoid  the  possibility  LhaL  Lhe  behav¬ 
ioral  response  was  due  Lo  Lhe  hyperalgesia  olden  seen  in 
the  distribution  of  an  injured  nerve  or  due  Lo  incisional 
pain,  Lhe  Libia  I  neuroma  wa.s  rotated  from  its  natural 
position  Lo  Lhe  laLeral  aspect  of  Lhe  hi  rid  limb.  Control 
groups  Lor  Lhe  different  surgical  steps  in  Lhe  TNT  model 
were  used  Lo  exclude  behaviors  associated  with  surgi¬ 
cally  damaged  soft  tissue.  Maps  of  the  area  id  mechan¬ 
ical  hypersensitivity  demons L rated  LhaL  Lhe  evoked 
behavior  was  specific  to  sLimuii  applied  to  the  neuroma 
and  n  ol  Lo  hyperalgesia  of  the  adjacent  Lis  sue.  Finally, 
we  were  able  Lo  reverse  the  neuroma  tenderness  by  inter¬ 
rupting  signaling  from  Lhe  neuroma  to  the  CN5. 

Hie  severity,  robustness,  and  duration  of  neuropathic 
pain  behaviors  prod  need  by  the  TNT  minld  are  compa- 
rable  to  those  of  other  models  of  neuropathic  pain 
including  Lhe  chronic  Cons  trie  lion  injury  (Bennett  and 
Xie,  L 9 Sf?  1 ,  parrial  sciatic  nerve  ligation  (Seltzer  eL  aL. 

L 990 .1,  spinal  nerve  ligation  <  K. iid  and  Chung.  L 99 2 .1, 
and  a  spared  nerve  injury  | DecOsLerd  and  Woolf, 
2000 1.  The  neuroma  Lendemess  appeared  wiLhiri  several 
days. 

Within  hours  of  a  nerve  Lransectiun,  ectopic 
mecha mis ensi tivi  t  y  develops  aL  Lhe  severed  nerve  lips 
(Welk  ei  aL,  1990;  Koschorke  el  al.(  1991;  Michadis 
el  ah,  1995].  !n  myelinaLed  fibers,  Lhe  incidence  of 
mechanically  sensitivity  increases  over  Lhe  first  24  h 
reaching  a  level  of  about  25n/n.  This  is  presumably  due 
Lo  the  axonal  transport  and  accumulation  of  Lransduc- 
tioft  elements  aL  Lhe  severed  Lip  (  Koschorke  eL  al., 
L994).  For  unmyelinated  fibers,  Lhe  incidence  of 
mecha  niWiensitiviLy  is  abouL  [3%  and  ronains  relatively 
constant  over  a  2-monLh  period  (Welk  el  al.,  L 990 J. 
A  fferent  fibers  whose  regenerating  sprouts  become 
trapped  in  neuromas  also  develop  ectopic  spontaneous 
activity,  crosstalk,  and  sensitivity  to  thermal  and  chem¬ 
ical  stimuli  ( Blum  berg  and  JAnig,  L9S4;  Devor  el  al., 
L999;  Michaelis  et  al,T  t999;  Rivera  el  al..  2000).  Our 
findings  of  spontaneous  ucLivity  and  mechanically- 
e yoked  responses  in  A- fiber  and  C-fiber  afferenLs  in  the 
tibia  I  neuromas  are  consistent  with  these  reports. 

The  eCtOpic  mecha nosenS i h v i Ly  of  afferenLs  trapped 
in  the  neuroma  is  believed  Lo  be  responsible  Ibr  the 
abnormal  sensory  phenomena  evoked  by  neuroma  pal¬ 
pation.  Micro  neurography  in  a  patient  with  a  peroneal 
nerve  neuroma  revealed  LhaL  percussion  of  the  neuroma 
eliciLed  an  inlen.se  bursL  of  spike  iicLivily  and  augmenta¬ 
tion  of  Lhe  palienl's  pain  (NysLrom  and  3  lagbarLh, 
19RI).  In  experimental  neuroma  preparations.  'hoL 
spots"  of  mecha  nos  ensi  tivi  ty  are  clustered  at  Lhe  nerve 
endbulb  (Devor  eL  al.T  1999],  Following  a  crush  injury 
or  nerve  section  with  resuLuring,  mecha noS ensi t i'.e  si tes 
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have  been  observed  up  Lo  -fi  Turn  proximal  lit  the  injury 
site  (Gorodetskaya  eL  al.,  2003)  presumably  due  LoreLrin 
grade  sprouting  Our  finding.  L ha L  mechanical  sdlLmTiuIa- 
L  i  L>n  of  Lhe  Libia  I  nerve  trunk  proximal  lit  the  neuroma 
evoked  a  behavioral  response  is  consistent  with  lhe  e;iii-;- 
Lerice  of  m echa no sensi. tiv e  spots  proximal  lit  lhe  injury 
site. 

Changes  in  lhe  phenoLype,  quantity,  and  distribution 
it f  ion  channels  Specifically  Sodium  channels  LhaL  accu¬ 
mulate  in  Lhe  nerve  stump)  may  underlie  lhe  ectopic 
electrical  properties  LhaL  a  rise  in  injured  alTerents  (Dev  or 
el  al..  1999).  Systemic  or  topical  application  of  a  range 
iff  "membrane  sLabi liters"  (Na  channel  blockers)  rap 
idly  silences  abnormal  firing  genera  Led  aL  nerve-injury 
\ites  iri  raLs  (Yaari  arid  Devor,  19135;  Bunch. id.  L9J3J3; 
Dev'Of  eL  al.,  1994;  M  a  rimer  arid  Devoir,  1994).  Further, 
perioneuromal  itr  trigger  point  injections  of  local  anes¬ 
thetic  often  provide  relief  for  paLienLs  with  painful  neu¬ 
romas  (Chabal  et  al,  L992;  Gracely  et  al,  L992). 
Consistent  with  this  laLLer  observation  is  our  finding  LhaL 
the  neuroma  Lendem<S£  is  reversed  by  local  lidocaine 
injection . 

4.2.  Plantar  hyperalgetm 

Following  nerve  injury,  pa Lients  report  allodynia  and 
hyperalgesia  in  the  partly  denervaled  skin  (Trotter  and 
Davies,  L909;  Sunderland,  L9 713;  Fishbain  eL  al.,  1 996; 
Bonica  et  al..  2001).  An  advantage  of  the  TMT  mixld 
is  that  it  produces  bn Lh  mechanical  hyperalgesia  in  the 
cuLaneous  territory  of  the  sural  nerve  and  neuroma  Len¬ 
der  ness.  The  sural  nerve  LerriLury  lies  adjacent  to  arid 
parLially  overlaps  Lhe  denervaLed  Libial  nerve  Lem  Lory 
(Swell  and  Win? If,  19135).  Similarly,  lesion  iff  two  iff 
three  terminal  branches  of  the  sciatic  nerve  (Libial  and 
per -Lineal)  also  prtsduces  robust  mechanical  hyperalgesia 
in  Lhe  cuLanemis  LerriLories  of  Lhe  spared  sural  and 
saphenous  nerves  (DecosLerd  and  Woolf,  2000). 

In  LhepresenL  sLudy,  proximal  libial  nerve  Lranseclion 
reversed  neuroma  Lendemess,  but  noL  plantar  mechani- 
cal  hyperalgesia.  This  supports  Lhe  hypothesis  LhaL  the 
two  behavior^,  have  disLincL  mechanisms.  The  neunsma 
tenderness  is  dependenL  On  activity  originating  from 
the  neuroma.  The  persisLence  of  planLar  mechanical 
hyperalgesia  suggests  LhaL  Lhis  hyperalgesia  is  indepen¬ 
dent  of  ectopic  Activity  from  the  neuroma. 

The  plan  La  r  hyperalgesia  seen  in  Lhis  mi  del  is  similar 
Lo  LhaL  seen  in  other  neuropathic  models  in volving  Lrau- 
malic  nerve  injuries  arid  is  likely  due  lit  similar  mecha¬ 
nisms.  Many  auLhors  think  LhaL  hyperalgesia  is  a  resuh 
iff  cenLral  seositiza lion  to  inpuL  from  normal  afferents. 
What  drives  Lhis  cenLral  sensitization  is  controversial. 
Ectopic  activity  from  injured  afferents  appears  Lo  play 
a  rifle  in  some  studies  (Liu  eL  al.,  2000).  Another  ptfssi- 
biliLy  is  LhaL  adjacent,  uninjured  nodcepLive  afTerenLs 
develop  spontaneous  activity  (Wu  eL  al..  ,2001)  LhaL 


might  drive  cenLral  sensi  Liza  Lion.  A  recenL  study 
reported  LhaL  uninjured  nociceptors  become  sensitized 
to  mechanical  stimuli  after  a  spinal  nerve  ligation  injury 
(Shim  el  al.,  2005),  arid  Lherefore  central  Kensi.LizaLi.on 
may  noL  be  required. 

Since  behavioral  testing  was  noL  performed  until  sev¬ 
eral  days  after  the  proximal  libial  nerve  bran  section,  we 
cannot  exclude  L he  possibi I  i Ly  LhaL  a  new  neuroma  devel¬ 
oped  aL  the  Lranseclion  sile  and  became  lhe  focus  of 
ectopic  impulse  generation  LhaL  could  drive  the  cenLral 
sensitization  responsible  fifr  llie  planLar  hyperalgesia. 
For  example,  spontaneous  activity  in  unmyelinated 
alTerenLs  can  develop  within  30  h  of  nerve;  section 
( Michael  is  eL  al.,  1995).  However,  lidrscaine  injections 
at  Lhe  neuroma  site  reversed  the  neuroma  Lender  ness 
(and  presumably  ectopic  acLiviLy  from  the  injury  she) 
but  also  did  not  reverse  Lhe  hyperalgesia.  These  manip¬ 
ulations  did  riLfl  bkfck  ectopic  impulses  in  injured  affer¬ 
ents  that  may  arise  from  more  proximal  locations  along 
Lhe  nerve  trunk  or  the  DRG 

4.3.  Ongoing  pain 

Rutients  describe  ongoing  burning,  cramping,  or  lan¬ 
cinating  sensa Lions  in  the  distribution  of  Lhe  injured 
nerve.  Ongoing  pain  may  he  due,  al  least  in  part,  to 
movement  iff  Lhe  neuroma  which  is  LeLhered  Lo  adjacent 
Lissue  since  surgical  repositioning  iff  Lhe  neuroma  Lo 
minimize  movement  can  alleviate  some  of  the  pairi. 
Measurements  of  spontaneous  pairi  in  animals  have 
been  problematic.  Several  authors  have  advocated  LhaL 
self-mutilating  behavior,  termed  auLolomy,  observed 
after  sciatic  nerve  Lranseclion  is  an  indication  iff  sponta¬ 
neous  pain  (Wall  eL  al.,  1979;  Levitt,  L9J35;  Code  nr  e 
eL  al.,  L9I36;  Blumenk-Lpf  and  Lip-man,  1991;  Seltzer 
eL  al..  1991).  Others  argue  that  Lhe  auLoUfmy  behavior 
represents  a  reaction  Lo  chronic  paraesLhesias,  excessive 
grooming,  or  a  proclivity  of  Some  species  Lo  sited  a  fime- 
Lumally  impaired  insensate  limb  (Rodin  and  Kruger, 
L9I34;  Lindblad  and  Ekenvall,  L9S6;  Mo-ossy  el  al, 
L9I37).  Although  the  TNT  model  pnsduces  ecLopic  elec- 
Lrical  aclivily  and  stimulus  evoked  pain  behaviors,  n-Lfne 
iff  the  animals  exhibited  a  ototomy.  Other  f-Lfrms  of  spon¬ 
taneous  pain  behaviors  (e.g.,  hindlimb  flinching 
scratching,  or  hiring)  were  noL  observed.  Therefore, 
Lite  presence  and  An  degree  of  sponLaneo  us  pain  pro¬ 
duced  by  Lite  TNT  niLfdel  remains  uncertain. 

4.4.  Clinioal  refe  nance 

Many  of  Lite  drugs  currenLly  used  lit  LreaL  neurLfpath- 
ic  pain  resuh  in  unacceptable  side  elTecLs  such  as  seda- 
tion  and  cognition  impairment.  The  TNT  model  will 
be  an  important  tool  in  Lite  preclinical  development  of 
new  Llierapies  for  neuropathic  pain.  The  TNT  rrufdel 
allows  neuroma  Lendemess  to  be  investigated  indepen  - 
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denL  iff  kypenilise-iku.  Tkis  primdea  Lke  tfpptfrLLLrLiLj.'  Lt> 
uivtatiji iLe  novel  LkerupeLLlic  t;L ru tfigjes  L kaL  sped  fica  I  k 
target  TueunfTtiiL  pum. 
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